CO2 flux variability in the Galician and Californian upwelling systems by Cobo-Viveros, Alba Marina













































Esta Tesis Doctoral fue realizada dentro del Grupo de 
Oceanoloxía (Departamento de Oceanografía) del Instituto de 
Investigacións Mariñas (IIM) perteneciente al Consejo Superior de 
Investigaciones Científicas (CSIC). Alba Marina Cobo Viveros fue 
beneficiaria del subprograma JAE-Predoc de ayudas para el 
desarrollo de tesis doctorales en el marco del Programa “Junta de 
Ampliación de Estudios” (Resolución de 23 de Junio de 2010, 
REF. JAE: JAEPre042), y fue cofinanciada por el Fondo Social 
Europeo (FSE). Los trabajos recogidos durante esta memoria se 
desarrollaron dentro de los proyectos DYBAGA (Dynamics and 
Biogeochemical Variability on the Galician continental shelf at 
short-scale. Financiado por la Comisión Interministerial de Ciencia 
y Tecnología CYCIT a través del proyecto MAR1999-1039) y 
ECO (Evolution of CO2 increase using ships of Opportunity: 
Galicia and Bay of Biscay. Financiado por el Ministerio de Ciencia 

















Porque nos enseñó verdaderamente lo que 
significa la palabra “LUCHAR”.  
Porque nos mostró realmente lo que es el dolor.  
Su dolor diario.  
Porque nos enfrentó al miedo que tenemos a la 
pérdida.  
Su pérdida.  
Porque a pesar de todo mantiene su sonrisa 
permanente.  
Porque por más que te decía que no te quería 
cuando éramos chiquitas, hoy sé que te amo 
desde mis 2 años y 8 meses de vida.  
Por esto y muchas cosas más, ésta tesis está 















“Gracias a la vida, que me ha dado tanto...” 
Violeta Parra. 1966. Gracias a la vida.  
En: Las últimas Composiciones. 
 
Ésta tesis no se habría podido terminar de no haber sido por mucha gente que me fui 
encontrando en el camino, y que me dieron ánimos a lo largo de ésta experiencia que 
ahora acaba. 
En primer lugar, gracias a mi familia. A mi papá y a mi mamá, porque de cada uno he 
aprendido cosas invaluables que perdurarán en el tiempo. Me enseñaron el valor del 
esfuerzo y la satisfacción que implica sembrar para luego cosechar. Gracias por 
enseñarme la humildad y por mantenerme los pies en el suelo. Gracias por acercar mi 
lejanía, por intentar que esos 8000 km que nos separaron no fueran tantos, y por 
cerrar esa brecha con una llamada por skype o un whatsapp por Gaula Mami. A mi 
hermanita, ante todo perdón por no haber estado ahí en los tiempos más difíciles; 
pero por no estar en carne y hueso, porque vos sabés que mi corazón y el tuyo laten 
al mismo ritmo y que estuve a tu lado durante las horas más oscuras. Y durante las 
más claras también! Gracias por hacer que tantas tardes tediosas se volvieran alegres 
cuando me contabas tus desgracias y peleas con la gente de la secretaría de salud. 
Gracias también por enseñarme tanto de medicina, porque sin querer queriendo ya sé 
lo que es una unidad de atención, una sonrisa sardónica, un CA, la hb, y … etc. A mi 
abuelita, que espero que me espere para volver a disfrutar tantas delicias 
gastronómicas que todavía tengo que aprender; lo del champús y el arroz con leche 
es sólo el comienzo, pero me tengo que apuntar todavía quién sabe cuántas recetas 
más. Me gustaría mucho no separarme de nuevo tanto tiempo. 
Cuando uno está lejos los amigos se convierten en la otra familia. Esa que sí escoge 
uno. Por eso gracias a todos los amigos que coseché en éstos 4 años en Vigo, los 
cuales empezaron con una soledad brutal que me arrancó lágrimas y malos 
 xiv 
sentimientos durante los primeros meses de vivir aquí. Porque, como no, llegué una 
semana que llovía y hacía un frío horrible (el lunes 26 de octubre de 2010). No 
conocía a nadie y nadie me conocía a mí. Pasé los primeros 5-6 meses de la casa al 
trabajo y del trabajo a la casa. Hasta que me dio por volver a cantar. Y ahí comenzó 
una de las amistades más bonitas que preservo hasta el día de hoy. Benito y Mariluz, 
gracias por acercarme a lo que es la familia gallega. Gracias por permitirme disfrutar 
de tantas comidas y bebidas alrededor de una mesa en la que nunca faltó el licor café. 
Gracias por acercarme a “The Ultimate Galician Experience”, o lo que una citadina 
como yo no habría podido experimentar nunca en medio de una jungla de cemento 
como es Cali: participar de la vendimia y hacer el archifamoso vino de la casa Leirós, 
hacer conservas de tomate, disfrutar de una churrascada con cerdo de casa, comer 
cerezas y manzanas bajadas directamente del árbol. En general gracias a toda la 
familia Leirós-Domínguez por abrirme las puertas de su casa, por invitarme a tantas 
comidas y cenas de sábado, por los martinis en el jardín, las siestas en la hamaca, por 
las risas, la ingente cantidad de comida, Benito preguntando que por qué no como 
más, que si es que no me gustó la comida. De verdad! A la señora Cándida por 
siempre interesarse por el estado de salud de mi hermana. Al señor Higinio por su 
dominio de historia y literatura (entre otros mucho temas) que no dudó nunca en 
ofrecer. Eso sí, sempre en galego. A Nuria, por sus carcajadas contagiosas; pero ay de 
los días de malgenio… mejor pagar escondedero! A Varo, por compartir su inmensa 
colección de LP’s y de licor, ya fueran birras, licorca, licor de cerezas y un largo 
etcétera. A Pablo, por su imaginación y sus dibujos. Gracias por todos los fines de 
semana de paseos, de montaña y de playa, porque gracias a ustedes recorrí mucho 
territorio gallego (y algo del español) por carretera. Ojalá tuviéramos tiempo para 
andar más. 
Gracias también a Yoli por los momentos compartidos y por interesarse siempre por 
mi bienestar; gracias por los cafés, chocolates con churros, cenas, comidas y paseos. 
Y también gracias por haber sido tan amable con mis papás! A Gloria, Ricardo y 
Uxía, gracias por las cervecitas de viernes después de los ensayos, y por todas las 
lecciones de historia y geografía, en especial la gallega. 
 xv 
Gracias a Bieito, un hermano que apareció en el camino. ¿Quién lo diría? Porque 
cuando empezamos el máster no coincidimos en ninguna asignatura! Sólo hasta el 
segundo cuatrimestre coincidimos en una. Y por cosas del destino, mira: seguimos 
queriéndonos. Gracias por las cenas, las cervezas, las confesiones, los chats por 
skype, por venir a montar mi bici nueva, por enseñarme los principios básicos de 
arreglar una bici. Tu compañía es muy valiosa y somos muy afortunados los que 
tenemos el placer de conocerte y compartir experiencias contigo. A Meri, gracias por 
ser la mami putativa, por irme a ver a varios conciertos, por los magostos, por tus 
sonrisas, y también por tus lágrimas (¿te acuerdas del último San Blás? Igual no ☺ ). 
Y como no, a mis niñas CSIC. Cómo no agradecer si éste es el mejor grupo de apoyo 
del mundo? A Noe, Clara, y Eva, gracias por tantíiiiiiiiisimas palabras bonitas que me 
levantaron el ánimo muchas veces. Noe, gracias por tu temple, tenacidad y 
sinceridad; de ti me llevo lo que es decir las cosas con claridad desde el principio. 
Gracias por acercarnos a tu familia de La Guardia, tu papá y tu mamá son personas 
muy especiales que abrieron las puertas de su casa a éstas niñas venidas de todos los 
rincones del mundo. Clari, sin tu manera de hacernos reír a carcajadas esto no habría 
podido ser; o al menos, no habría sido igual de divertido. Con tus ocurrencias y 
experiencias, mae mía lo que se amenizó la hora de comer y los chats del skype. De ti 
también me llevo lo de decir las cosas claras, pero con unas palabritas extra. No sabés 
la falta tan brutal que nos hiciste mientras te fuiste a deleitar a otr@s a Taiwán. Eva, 
compartimos todas las meriendas del verano del 2014 mientras observábamos cómo 
hacía de buen tiempo fuera y nosotras encerradas trabajando, intentando acercar ese 
final de tesis que a veces parecía que se alejaba cada vez más. Pero bueno, al menos 
tuvimos el hombro de la otra pa’ llorar! Ya verás cómo a ti también te llega tu día. A 
las compis de zulo: Maribel, Lidia y Alba, gracias por las risas y el diario vivir. Y 
perdón por mis silencios que probablemente fueron debidos a una mezcla de 
malgenio, estrés y ganas contenidas de llorar. A Bea, gracias por esos inicios 
matlabescos; sin ellos no habría podido escalar. Y gracias también porque sin tu 
ayuda no habría habido manera de pasar de beca a contrato! A Paula, gracias por tu 
voz de aliento en los días de bajón… me ayudaste mucho a subir el ánimo, a 
entender que no estamos sol@s en éste mundo de la investigación, que tod@s 
pasamos por aquí y que nos hemos sentido miserables en algún momento. Pero que 
 xvi 
al final hay que levantar cabeza, tirar pa’lante y salir del túnel, porque la luz está cada 
vez más cerquita! A Nati, la negri, otra colombianita en el insti, gracias por todos los 
ánimos y palabras de cariño y apoyo. Tu compañía y la de Matu me ayudaron un 
montón en esos días grises en los que quise tirar todo por la borda. Luego te fuiste, 
pero eso también permitió que conociera Sevilla y Varsovia. Te merecés todo y 
mucho más, porque sos una crack y porque sos una persona a la que “I like to look 
up to”. Contratame de secretaria y te ayudo a escribir la ingente cantidad de papers 
que hacés por año! A Alba grande, porque junto con Nati hicimos un bloque 
colombiano de éste lado del Atlántico; gracias también por abrir las puertas de tu 
casa para ir a compartir comidas, siestas y paseos por el Morrazo. 
Al parche fútbol: Evi, Alhambra, Mar, Fer, Gelo, Miguel, Buis, Bruno, Sonia y Elsi, 
gracias por hacer las tardes-noches de los lunes más divertidas! 
A los compañeros del grupo de Oceanoloxía: a Fer, por los momentos vividos en 
CATARINA, las risas que nos echamos al ser compis de mesa, los goles que te hice 
en los lunes de futbol, los saludos mañaneros con sonsonete a gringo. A Mar, por las 
buceadas, los lunes de fútbol, las cenitas y porque creo que sos la única con 
capacidad para poner de acuerdo a un grupo de monos pa’ una foto; gracias por 
interesarte y por ofrecer tu ayuda en el diseño de la portada. A Rocío, por saludar 
siempre con una sonrisa y por intentar enseñarnos a comer de una manera más 
saludable. A Trini, por su productos de la huerta que tan desinteresadamente trajo 
para compartir en el trabajo. A Rosa, por siempre saludar por las mañanas. A 
Carmen, por su ayuda la primera vez que me fui al MBARI y por siempre interesarse 
por cómo iban las cosas. A Vane, Isabel, María, Merche y Antón. Y como no, a los 
directores de ésta tesis: Aida y Toni; por permitirme formar parte del grupo de CO2 
del Instituto de Investigaciones Marinas, y darme la oportunidad de hacer la tesis con 
ustedes. Gracias por la paciencia que tuvieron conmigo a lo largo del camino. 
Aprendí muchos cosas que hace 4 años ni sabía que existían. Gracias por los ánimos 
recibidos y también por enseñarme el valor de la autosuficiencia. 
An enormous part of the work presented in this thesis was done at the Monterey Bay 
Aquarium Research Institute (MBARI) under the supervision of Dr. Francisco 
Chavez. I can’t thank you enough for giving me the opportunity of working and 
 xvii 
learning by your side and that of the rest of the people who are part of the BOG lab; 
it cannot be put into words. Thanks to Reiko and Monique for going through all the 
trouble of helping me through MATLAB routines. Reiko, thanks for sharing with me 
the products from your garden, for sitting with me on the last day of my MBARI 
experience to make some earrings. I cherish them and always remember you on the 
days I wear them! Thanks to Gernot and Jules, whom, in spite of their quietness, I 
learned tons from. Gernot, thanks for going through the basics of CO2 with me; I 
got lots of answers from you but unfortunately they weren’t enough! This doesn’t 
stop! Jules, thanks for your patience on teaching me the things that went on in the 
dry lab, and for sharing cookie Mondays, BBQ Wednesdays and every-day-lunches 
with me. Marguerite, thanks for the number of one-day cruises we spent out on the 
Bay, for teaching me how to measure things in the wet lab, and for letting me help 
you with chlorophyll during the Summer 2012 CANON cruise. Special thanks to 
George Matsumoto and Linda Kuhnz for letting me be part of the 2013 MBARI 
internship experience, and to the David and Lucille Packard Foundation who 
provided funding for this program; it’s a one in a life time opportunity, and I can’t be 
more grateful. Enormous amounts of thanks to my fellow MBARI interns: Oriol, 
Bailey, Miguel, Kendra, Nettie, Alex, Wilson, Heather, Ben, Claire, Dylan, Nick, 
Larissa, Kelly, VG, Andrew, and Diane. It was the best summer ever, with some of 
the most awesome people in the world! Thanks to Sarah, Marjo, and Ben for opening 
your house to all of us interns, and for showing us a little bit more of the Carmel 
Valley experience. I’ll never forget the daylong hike up Arroyo Seco! Thanks to Tim 
and Ann who were very good to me during both summers, for caring so much and 
for being so parental. Mom and Dad are also very grateful to the both of you! 
Thanks to my “family” during my first summer in Monterey Bay: Kyra, Melina, and 
Jesse, thanks for all the dinners, and for taking me to Carmel Valley and the Feast of 
Lanterns for the first time. Thanks to Clemencia for helping me make a smooth 
arrival to PG. And last but not least, thanks to my wonderful neighbor Lauren; that 
summer wouldn’t have been the same without you! Thanks for always being there. 
We were each other’s company when there was nobody else around. Thanks to your 
wonderful family also for making me feel at home. 
 xviii 
Y evidentemente, a Pau. Porque han sido 4 años en los que hemos estado lejos pero 
que nos han servido para acercarnos, conocernos y entendernos más. Gracias 
también a toda tu familia por hacerme sentir siempre querida y bienvenida; me han 
hecho sentir como en casa! Quién lo diría? Que por un partido de la liga de fútbol 
española saldría la relación más bonita que he tenido jamás. Y con un madridista… lo 
que hay que ver… 
Y para terminar, las palabras de Gustavo Cerati (QEPD) en el último concierto de 
Soda Estéreo en el Estadio de River Plate, el 20 de septiembre de 1997 (modificada 
del plural al singular): 
“No sólo no hubiera sido nada sin ustedes, sino sin toda la gente que estuvo a mi 






















TABLE OF CONTENTS 
INDEX/ÍNDICE .......................................................... xix!
 
RESUMEN  ...................................................................... 1!
 
PART I. INTRODUCTION ........................................... 11!
Chapter 1.! Introduction ................................................. 15!
1.1.!General Background .............................................................................. 17!
1.2.!The role of the Coastal Zone and the Continental Shelf in the 
CO2 cycle ................................................................................................. 21!
1.3.!Coastal Upwelling Systems ................................................................... 24!
1.3.1.!The NW Iberian Upwelling System 28!
1.3.2.!The California Current System ...................................................................... 32!
1.4.!Thesis Objectives ................................................................................... 35!
 
PART II. MATERIALS AND METHODS ................... 37!
Chapter 2.! Materials And Methods ............................... 41!
2.1.!Atmospheric pCO2 ................................................................................ 43!
2.1.1.!Globalview-CO2 ............................................................................................... 43!
2.2.!Oceanic pCO2 ......................................................................................... 44!
2.2.1.!The LDEO database ....................................................................................... 45!
2.2.2.!SOCAT .............................................................................................................. 47!
2.2.3.!MBARI dataset ................................................................................................. 49!
2.2.4.!The DYBAGA and ECO cruises .................................................................. 51!
2.3.!Wind speed .............................................................................................. 53!
2.3.1.!The NCEP/NCAR Reanalysis I Project ...................................................... 54!
2.3.2.!The NCDC Blended Sea Winds Database .................................................. 55!
2.3.3.!The CCMP Database ...................................................................................... 56!
2.4.!Salinity, Temperature, Oxygen and Nutrients ................................... 56!
2.4.1.!WOA, the World Ocean Atlas ....................................................................... 57!
 xxii 
2.5.!Chlorophyll-a .......................................................................................... 58!
2.5.1.!The GlobColour Project ................................................................................ 58!
2.6.!The Inorganic Carbon System in the ocean ....................................... 59!
2.6.1.!Variables of the CO2 system .......................................................................... 60!
2.6.1.1.!Total dissolved inorganic carbon (TCO2) ................................................. 60!
2.6.1.2.!Total Alkalinity (AT) ...................................................................................... 61!
2.6.1.3.!pH .................................................................................................................... 61!
2.6.1.4.!Partial pressure of CO2 (pCO2) ................................................................... 62!
2.6.1.5.!Fugacity of CO2 in equilibrium with a seawater sample (fCO2) ............ 63!
2.7.!CO2 Flux calculation .............................................................................. 64!
 
PART III. RESULTS AND DISCUSSION .................... 67!
Chapter 3.! Short-term variability of surface carbon 
dioxide and sea-air CO2 fluxes in the shelf waters of the 




3.4.!Materials and Methods .......................................................................... 76!
3.4.1.!The DYBAGA and ECO cruises ................................................................. 76!
3.4.2.!Estimation of sea-air CO2 exchange ............................................................. 79!
3.4.3.!Biogeochemical variability and control of fCO2 ......................................... 80!
3.5.!Results ...................................................................................................... 81!
3.5.1.!Biogeochemical variability .............................................................................. 81!
3.5.2.!Sea-air CO2 exchange ...................................................................................... 85!







Chapter 4.! A synthesis of seawater pCO2 along the 




4.4.!Materials and Methods ........................................................................ 100!
4.4.1.!Seawater pCO2 data compilation ................................................................ 100!
4.4.2.!Atmospheric pCO2 ....................................................................................... 102!
4.4.3.!Wind speed .................................................................................................... 102!
4.4.4.!CO2 Flux Calculations .................................................................................. 103!
4.4.5.!Preformed Nitrate content of subsurface waters .................................... 103!
4.4.6.!Simple Model of water mass formation, upwelling and/or 
mixing and nutrient utilization .............................................................................. 106!
4.4.6.1.!Initial conditions ......................................................................................... 106!
4.4.6.2.!Subsurface carbon conditions .................................................................. 107!
4.4.6.3.!Upwelling or mixing of the subsurface water mass .............................. 107!
4.5.!Results .................................................................................................... 108!
4.5.1.!pCO2 and sea-air CO2 Flux ......................................................................... 108!
4.5.2.!Relationship between ∆pCO2 and preformed nitrate ............................. 109!




Chapter 5.! CO2 flux variability in the Galician and 




5.4.!Materials and Methods ........................................................................ 122!
5.4.1.!Data compilation .......................................................................................... 122!
5.4.2.!Estimation of sea-air CO2 exchange .......................................................... 126!
5.4.3.!Biogeochemical variability affecting fCO2sw variability ........................... 126!
5.5.!Results and Discussion ........................................................................ 128!
 xxiv 
5.5.1.!Seasonal fCO2sw variability ........................................................................... 128!
5.5.2.!Biogeochemical forcings ............................................................................... 135!








Annex A. Inorganic Carbon Dynamics .................................................... 185!
The Physical/Solubility Pump ................................................................................ 185!
The Biological Pump ............................................................................................... 185!
The Carbonate Pump .............................................................................................. 186!
Annex B. Approximation of the gas transfer coefficient (k) ................ 187!
Annex C. List Of Acronyms ...................................................................... 191!
Annex D. List Of Figures ........................................................................... 197!

























Aunque los ecosistemas costeros son componentes importantes del ciclo global del 
carbono, su papel como sumideros o fuentes de CO2 no fue bien definido en el 
pasado debido a su fuerte heterogeneidad espacial, la variabilidad temporal y la 
relativa escasez de datos. Los flujos de carbono en estas aguas pueden cambiar 
rápidamente, por lo que las estimaciones de los flujos de CO2 entre océano y 
atmósfera están sujetas a grandes incertidumbres. Los márgenes continentales fueron 
descritos como fuentes netas de CO2 en publicaciones iniciales, estando de acuerdo 
con las grandes emisiones de CO2 observadas en estuarios interiores. Sin embargo, 
este punto de vista de los océanos costeros cambió con la propuesta de una "bomba 
de la plataforma continental", que describió un mecanismo de absorción de CO2 
atmosférico en aguas poco profundas de las plataformas continentales. Después de 
esto, numerosos estudios encontraron que éstas zonas actuaban como sumideros de 
CO2, superando a las publicaciones que afirmaban que actuaban como fuentes. Este 
punto de vista divergente sobre el ciclo del carbono en los océanos costeros se 
resolvió dividiendo las aguas costeras en plataformas continentales proximales y 
distales: las primeras actúan como fuentes de CO2 a la atmósfera, mientras que las 
segundas absorben CO2 atmosférico (son sumideros). 
Los afloramientos costeros se desarrollan en los márgenes orientales de los giros 
subtropicales de los océanos Atlántico y Pacífico cuando, a lo largo de la costa, 
soplan vientos predominantemente hacia el ecuador. Éstos vientos impulsan la capa 
de Ekman mar afuera, por lo que el balance de masas es mantenido por el 
afloramiento de aguas subsuperficiales a la capa fótica a lo largo de una región 
estrecha a lo largo de la costa. Ésta agua es típicamente más densa, más fresca y rica 
en nutrientes, lo cual desencadena una elevada producción fitoplanctónica que 
sustenta los ecosistemas marinos, costeros, e importantes pesquerías. Por otra parte, 
el intercambio de grandes cantidades de materia orgánica con los sedimentos y la 
atmósfera hace de las aguas costeras una de las zonas biogeoquímicamente más 
activas de la biósfera en términos de intercambio de CO2 entre el mar y el aire, el 
reciclado del carbono, y la exportación costera. 
Los principales afloramientos costeros son los asociados a las corrientes de Canarias, 




son altas, y por tanto las de productividad también: el 20% de la captura mundial de 
peces se realiza en éstas áreas, a pesar de ocupar menos del 1% de la superficie 
oceánica global.  
Uno de los afloramientos costeros estudiados en ésta tesis es el que se presenta en la 
costa gallega, la cual se encuentra en el giro subtropical del Atlántico Norte y en el 
límite norte del sistema de afloramiento de Canarias. El patrón de afloramiento en la 
costa gallega se caracteriza por una fuerte estacionalidad debido a los cambios en la 
fuerza del viento determinados por los sistemas de bajas presiones de Islandia y de 
altas presiones de Azores. Los eventos de afloramiento en Galicia son observados 
comúnmente durante la primavera-verano, cuando predominan vientos del noreste. 
El transporte zonal de Ekman lleva las aguas superficiales hacia fuera de la costa, lo 
que produce el ascenso de una masa de agua profunda, fría y rica en nutrientes 
denominada Agua Central del Noreste Atlántico (ENACW, por sus siglas en inglés). 
Durante el afloramiento se pueden observar filamentos de agua superficial que se 
extienden hacia el oeste de la plataforma, al sur de Cabo Finisterre. Estos filamentos 
son las principales rutas de exportación de la producción primaria de las Rías Baixas, 
ya que proporcionan un mecanismo mediante el cual la materia orgánica producida 
en las rías es transportada cientos de kilómetros desde la costa hacia el océano. 
Aunque estos filamentos parecen ser sistemas oligotróficos y relativamente 
improductivos, la verdad es que actúan como un sumidero neto de CO2 atmosférico 
más grande que el que se observa en las aguas que los rodean.  
Aunque hay veces que puede ocurrir afloramiento durante el invierno, los vientos 
que se producen en Galicia durante esta estación son habitualmente hacia el norte y 
fuerzan el hundimiento costero de aguas superficiales. La estación invernal también 
se caracteriza por una contracorriente subsuperficial de aguas cálidas y saladas de 
origen subtropical llamada Corriente Ibérica hacia el polo (IPC, por sus siglas en 
inglés), la cual fluye limitada por el borde de la plataforma ibérica. Por otra parte, la 
escorrentía de los ríos locales contribuye a la presencia de plumas de agua dulce 
sobre la plataforma, la cual varía en respuesta a los cambios de viento. La variabilidad 
de los eventos de viento, junto con el desarrollo de filamentos, remolinos, la IPC y 




con procesos físicos variables con altos índices de producción primaria. Así mismo, 
la ausencia de una zona de mínimo oxígeno superficial (presente en los sistemas de 
afloramiento del Pacífico e Índico), no conduce a un exceso de carbono inorgánico 
disuelto en las aguas subsuperficiales, evitando así un intensa emisión de CO2 hacia la 
atmósfera durante los eventos de afloramiento. 
El otro afloramiento costero estudiado en esta tesis es el asociado a la corriente de 
California. El sistema de la Corriente de California (CCS, por sus siglas en inglés) se 
extiende desde la zona de transición (~50ºN, que separa los giros del Pacífico Norte 
de los de Alaska) hasta las aguas subtropicales de Baja California en México (~15-
25ºN). Al igual que el afloramiento gallego, representa un sistema de afloramiento 
costero clásico impulsado por el viento. A principios de primavera, el sistema de 
bajas presiones Aleutiano se mueve hacia el noroeste y el sistema de altas presiones 
del Pacífico lo hace hacia el norte, lo cual fortalece los vientos del noroeste. Éstos 
vientos inducen el transporte de aguas subsuperficiales por remolinos y frentes que 
se extienden mar afuera hasta el Jet de la Corriente de California. De esta manera se 
induce la surgencia de aguas intermedias, frías, y ricas en nutrientes y CO2 sobre la 
plataforma continental. El rico crecimiento fitoplanctónico producto de éste 
afloramiento soporta una pirámide trófica abundante, que incluye recursos pesqueros 
valiosos y poblaciones de aves y mamíferos marinos importantes. El afloramiento en 
California dura hasta el final del verano o incluso hasta el otoño. Tras este período, 
los vientos del noroeste se debilitan y son reemplazados por vientos del sur en 
invierno, los cuales traen tormentas. 
La entrada de aguas sobresaturadas en CO2 y ricas en nutrientes es más intensa en la 
parte más cercana a costa en el sistema de afloramiento de California, por lo cual la 
producción primaria no es capaz de agotar la concentración de nutrientes para 
reducir la saturación de CO2 superficial con respecto a la atmósfera en ésta zona. El 
afloramiento de CO2 cerca de costa en primavera y verano es balanceado por la 
producción biológica que reduce los niveles superficiales de CO2 en otoño e 
invierno. Sin embargo, la variabilidad a largo término en éste afloramiento depende 
de oscilaciones atmosféricas de larga escala: la Oscilación Decadal del Pacífico (PDO, 




siglas en inglés), y la Oscilación Sur de El Niño (ENSO, por sus siglas en inglés) a 
escalas temporales más cortas; en algunos estudios se ha demostrado que el sistema 
de afloramiento en California pasa de ser una fuente de CO2 a la atmósfera en 
aquellos años en los que hay Niña, a ser un sumidero de CO2 atmosférico en los años 
en los que hay fenómeno del Niño. 
En esta tesis se investigó y evaluó la variabilidad de los flujos de CO2 superficial en 
los sistemas de afloramiento de Galicia y California, relacionando su estacionalidad e 
interanualidad con la variabilidad de los cambios en biología, temperatura, e índice de 
afloramiento, así como con las fluctuaciones de los índices de la Oscilación del 
Atlántico Norte (NAO, por sus siglas en inglés) y la Oscilación Sur del Niño 
Multivariante (MEI, por sus siglas en inglés). Para cumplir con este objetivo, el 
trabajo se dividió en tres temas: en el primero se discute la variabilidad de los flujos 
de CO2 en el sistema de afloramiento de Galicia, en el período comprendido entre 
los años 2001 a 2004. El segundo tema aborda la variabilidad de los flujos de CO2 a 
lo largo de la costa occidental de las Américas, relacionándola con las diferencias en 
nitrato preformado de las aguas que afloran; éste estudio es producto de dos 
estancias breves que la doctoranda realizó en el Monterey Bay Aquarium Research 
Institute durante los veranos de 2012 y 2013, en el laboratorio que dirige el Dr. 
Francisco Chavez. Finalmente, en el último tema se comparan los sistemas de 
afloramiento de Galicia y California dentro del período comprendido entre los años 
1997 a 2010, evaluando de forma conjunta la estacionalidad e interanualidad de los 
flujos de CO2 y relacionándolos con las distintas variables físicas y biológicas, así 
como con los índices de afloramiento NAO y MEI. 
En el primer tema se estudió la variabilidad superficial de la fugacidad de CO2 (fCO2) 
en la plataforma continental de Galicia durante tres ciclos estacionales, utilizando 
datos recogidos durante los proyectos DYBAGA y ECO, estimaciones de clorofila-a 
a partir de datos de satélite, y promedios quincenales del índice de afloramiento. Se 
encontró una fuerte variabilidad interanual entre los inviernos muestreados, 
especialmente durante el invierno 2001/2002 cuando el predominio de vientos del 
suroeste favoreció el hundimiento costero y la presencia de aguas subtropicales sobre 




Corriente Ibérica hacia el Polo. Se encontró que los cambios de salinidad controlaron 
la variabilidad de fCO2 en primavera, pero el factor que explicó en mayor medida la 
variabilidad de ∆fCO2 en invierno y verano fue SST
2. La Chl-a2 resultó ser un 
importante motor de los cambios en ∆fCO2 en primavera; de hecho, la captación de 
carbono por la actividad fotosintética, más intensa durante primavera y otoño, 
enmascaró el incremento superficial de carbono inorgánico durante los episodios de 
afloramiento (especialmente en primavera). Ésta efectividad de captación biológica 
de carbono fue ratificada por la coincidencia de descensos intensos de fCO2 con 
valores moderados de Chl-a promedio. Los pulsos de afloramiento de aguas ricas en 
CO2 minimizaron el efecto que la floración primaveral tiene sobre la distribución de 
fCO2 al acortar el tiempo de absorción biológica de CO2, aunque esto no se tradujo 
en sobresaturación de CO2 en aguas superficiales. En primavera también se 
encontraron valores bajos de SSS y fCO2, y altos de chl-a. En verano prevalecieron 
vientos de componente norte y por ello las condiciones fueron favorables al 
afloramiento. En otoño, los fuertes vientos causaron la ruptura de la estratificación 
estival, activando la floración de fitoplancton otoñal e incrementando los valores de 
fCO2 hasta valores atmosféricos (fCO2
atm), o incluso superándolos en algunos 
eventos. También se observó una correlación significativa, aunque pequeña, entre 
fCO2 e índice de afloramiento durante períodos de surgencia, mientras que no se 
encontró ninguna correlación durante el hundimiento. Con éste trabajo se concluyó 
que la plataforma continental de Galicia presentó una marcada estacionalidad en todo 
el periodo de muestreo, pero en general se comportó como un sumidero continuo y 
significativo de CO2 atmosférico. Las mediciones anuales de flujos de CO2 mostraron 
valores inferiores a los reportados previamente, mostrando una variabilidad 
excepcional que podría subestimar en un 65% la absorción de CO2 de la plataforma 
continental de Galicia a escala anual. La variabilidad más alta se observó durante el 
invierno y primavera, debido a cambios sustanciales en las entradas de agua dulce que 
llegaron a la región a escala interanual. La solución para disminuir las diferencias 
entre valores registrados a escala interanual sería incrementar las series temporales de 
fCO2 para ayudar a reducir las incertidumbres encontradas en las mediciones de 




de CO2 entre el mar y el aire en el océano costero mundial. Los resultados de éste 
estudio fueron publicados en un artículo en Scientia Marina. 
En el segundo tema estudiado en ésta tesis se realizó una síntesis de pCO2 superficial 
del océano a lo largo de toda la costa occidental de las Américas, a partir de 
aproximadamente un millón de mediciones tomadas entre 1979 y 2012. Se describió 
la distribución latitudinal anual del gradiente entre pCO2 oceánico y atmosférico 
(∆pCO2) y el flujo de CO2 océano-atmósfera. Se encontraron ∆pCO2 negativos en 
latitudes altas, por lo que éstas áreas se consideraron sumideros de CO2 atmosférico; 
lo contrario ocurrió a latitudes bajas: se encontraron ∆pCO2 positivos a latitudes 
bajas, y éstas áreas fueron consideradas como fuentes de CO2 a la atmósfera. Si bien 
hubo grandes diferencias entre regiones, los ∆pCO2 y flujos océano-atmósfera fueron 
pequeños: el flujo total de la región se estimó en 2.74 TgC por año en la zona 
oceánica. El patrón general de la distribución de ∆pCO2 se puede explicar basándose 
en el nitrato preformado de las aguas subsuperficiales y en el nitrato no utilizado de 
las aguas superficiales. Se realizó un modelo sencillo para estimar las variables de 
carbono inorgánico en aguas subsuperficiales en tres escenarios de utilización de 
nutrientes diferentes. La conclusión más importante extraída de este segundo estudio 
que ha dado lugar a un artículo enviado a la revista Global Biogeochemical Cyles para su 
revisión, es que la inclusión de nutrientes preformados como proxy de absorción 
biológica nos muestra la importancia de esta variable en la reducción de pCO2 de 
aguas superficiales. La interrupción, desaceleración, o inexistencia de la fotosíntesis 
disminuiría el pH en el agua de mar y aumentaría la solubilidad del carbonato cálcico 
(usado por los corales para construir su esqueleto y por otros organismos pelágicos y 
bentónicos calcificadores para formar su concha), lo cual se traduciría en una 
desaceleración de la calcificación por mecanismos que aún están empezando a ser 
entendidos. El descenso en la calcificación podría tener impactos negativos en los 
ecosistemas marinos, con los consiguientes efectos deletéreos para las pesquerías 
marinas locales y la protección de las costas contra las tormentas. La abundancia de 
especies de importancia comercial de mariscos (como por ejemplo almejas, ostras o 
erizos de mar) también podría disminuir, lo que podría tener graves consecuencias 
para los recursos alimenticios marinos. Los resultados de éste trabajo destacan la 




océano-atmósfera. Los procesos que regulan el nitrato preformado, tales como la 
desoxigenación y utilización biológica, además del incremento del CO2 atmosférico 
como resultado de la quema de combustibles fósiles y de su lenta absorción por parte 
del océano, determinarán cómo la pCO2 en la superficie del mar variará en el futuro.  
En el último tema se utilizó una base de datos recogida entre 1997 y 2010 con el fin 
de estimar y comparar los flujos de CO2 anuales y los índices de afloramiento en las 
surgencias de Galicia y California. Esta base de datos incluye pCO2
sw, SST, y SSS 
recogidos por el Instituto de Investigaciones Marinas (Vigo, España) en campañas 
desarrolladas durante los proyectos DYBAGA, ECO, REMODA, y ZOTRACOS; y 
por el Instituto de Investigación del Acuario de la Bahía de Monterey (California, 
EE.UU.) durante los cruceros SECRET y MBTS. Se incluyeron datos de satélite de 
producción neta del ecosistema como proxy de la actividad biológica, y se calculó el 
índice de afloramiento mensual promedio para cuatro regiones en California (C1: 4-
15 km de la costa, M1: 16-40 km de la costa; M2: 40-50 km de la costa; océano: más 
de 200 km de la costa) y cinco regiones en Galicia (Ría Interior: entre 8.64ºW y 
8.78ºW, y Ría Media: entre 8.78ºW y 8.9ºW, para datos medidos en el interior de la 
Ría de Vigo; Ría Exterior: entre 8.9ºW hasta 50 m de profundidad, para datos 
medidos fuera de la Ría de Vigo; Plataforma: para datos recogidos entre 50-200 m de 
profundidad; y Océano: para datos medidos a partir de 200 m de profundidad y hasta 
10.5ºW). En general, el índice de afloramiento fue cuatro veces mayor en California 
que en Galicia, aunque los eventos de hundimiento fueron más frecuentes y con 
mayor variabilidad y amplitud en Galicia que en California. Los rangos de 
temperatura anuales fueron superiores en Galicia que en California. El sistema de 
afloramiento de Galicia presentó ΔfCO2 negativos y por tanto absorción de CO2 
desde la atmósfera en todas las regiones durante todo el año, excepto en otoño. Por 
el contrario, California presentó una mayor variabilidad anual en ΔfCO2, con la 
mayor variabilidad encontrada en la zona más próxima a costa, donde también se 
hallaron las tasas de absorción más altas. Ambos sistemas de afloramiento 
presentaron valores más altos de productividad en las regiones cercanas a costa, 
aunque fueron 1.5 veces más altos en California que en Galicia. La productividad 
más baja en ambos sistemas de afloramiento se encontró en las regiones oceánicas. 




variables (ciclo estacional, temperatura, salinidad, índice de afloramiento, clorofila-a, 
y tendencia anual de fCO2) a la variabilidad de fCO2 en agua de mar para cada región 
de los dos sistemas de afloramiento estudiados. Ésta variabilidad fue explicada en 
mayor medida en Galicia por el ciclo estacional, las anomalías positivas de 
temperatura, salinidad y clorofila, mientras que en California la variabilidad de fCO2 
fue explicada por las anomalías de temperaturas negativas y el índice de afloramiento. 
Éste estudio es uno de los primeros esfuerzos realizados que comparan los flujos de 
CO2 entre el océano y la atmósfera a escalas temporales largas en los sistemas de 
afloramiento de Galicia y California, dos de los ecosistemas oceánicos más 
productivos. Con los resultados de este tema se está elaborando un artículo cuyas 
principales conclusiones muestran que la variabilidad interanual del índice de 
surgencia mostró más variabilidad en el afloramiento de Galicia, con un rango más 
amplio (2629 m-3, km-1 s-1) que en California (1575 m-3, km-1 s-1). La temperatura 
también tuvo un mayor rango de variación en Galicia (5.8ºC) que en California 
(3.7ºC). El sistema de afloramiento de California parece ir en aumento, mientras que 
en Galicia esta tendencia no es tan clara. Sin embargo, la base de datos existente para 
California es producto de un esfuerzo de muestreo continuo que no se produce en 
Galicia, donde el monitoreo es producto de diferentes proyectos discontinuos en el 
tiempo. A partir del algoritmo, la variación interanual de fCO2
sw en Galicia parece 
seguir la tendencia atmosférica. Aunque es necesario atender la variación del viento, 
no se esperan cambios en el gradiente de fCO2. El índice positivo de wNAO está 
relacionado con la entrada de ENACW subpolar al sistema de afloramiento de 
Galicia; esto significa un aumento en la capa de mezcla de invierno y en las tasas de 
fertilización, las cuales disminuyen el fCO2
sw y aumentan las tasas de absorción de 
CO2 en Galicia. La correlación negativa entre MEI y ∆fCO2 en las regiones costeras 
de California también apuntan a la entrada de aguas subsuperficiales ricas en CO2 y 
nutrientes que alimentan la producción de fitoplancton y reducen los valores 















PART I. INTRODUCTION 
 
























“[…] Lejos del pedante y satisfecho engreimiento característico de 
muchos funestos políticos y de no pocas orondas sumidades de la cátedra, 
el buen maestro debe tener plena conciencia de la nacional incultura y de 
nuestra pobreza científica. Tendrá siempre presente que España está 
desde hace siglos en deuda con la civilización, y que de persistir en tan 
vergonzoso abandono, Europa perderá la paciencia y acabará por 
expropiarnos […].” 
 
Santiago Ramón y Cajal. 1920. Capítulo IX: El Investigador 
como Maestro. En: Reglas y Consejos sobre la Investigación 




















CHAPTER 1.  INTRODUCTION 
 
This chapter starts by giving a general background of CO2 as a greenhouse gas, its 
observed atmospheric increase since the industrial revolution, and the numerous 
lines of evidence for this build up. Then, it describes the CO2 parameters that allow 
the understanding of the carbon cycle variability in upwelling areas, and the effects of 
natural forcings on this variability. Later on, it presents a general description of the 
coastal ocean and its importance on the ocean carbon cycle, to move on to the 
upwelling systems that are studied in this thesis. The objectives and aims of this 
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1.1.  General Background 
A small portion of the Earth’s atmosphere is composed of gases that absorb and 
contain infrared radiation, that warm the Earth’s surface and atmosphere; they are 
referred to as greenhouse gases (GHGs). Water vapor is the most important GHG, 
followed by: carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), sulfur 
hexafluoride (SF6), and ozone (O3). Anthropogenic activities have directly affected 
GHG concentrations (except for water vapor, which is naturally transferred between 
atmosphere, ocean, and land in the water cycle), due to the emission of large 
quantities of atmospheric CO2 since the Industrial Revolution (Ciais et al. 2013). CO2 
emissions are mainly a result of: combustion of fossil fuels (e.g. coal, oil and natural 
gas), gas flaring, cement production (from calcining of limestone), biomass burning 
(Solomon et al. 2007), and changes in land cover and use (Canadell et al. 2007, 
Houghton 2008).  
Charles D. Keeling started the longest record of atmospheric CO2 measurements in 
Mauna Loa in 1958 (Keeling et al. 1976), which shows an exponential increase of 
atmospheric CO2 (Figure 1.1). The last contribution of Working Group I to the fifth 
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC 2013) 
confirmed this increase from ~278 ppm in the pre-industrial era (Figure 1.2) 
(Etheridge et al. 1996) to a global average of ~390.5 ppm in 2011 (Hartmann et al. 
2013). This is the highest value that the Earth has experienced for at least the last 
800.000 years (Rhein et al. 2013), which evidenced the unequivocal effects of this rise 
on climate change: increase of land and sea surface temperatures; decrease of 
glaciers, Arctic sea ice, and ice sheets; increase of sea level; and occurrence and/or 
strength of extreme weather and/or climate events over the last 100 years (Cubasch 
et al. 2013, Hartmann et al. 2013, Rhein et al. 2013). 




Figure 1.1. Keeling curve that shows CO2 data (red curve) measured on Mauna Loa, reported as the 
dry mole fraction of CO2 in parts per million (ppm). The black curve represents seasonally corrected 
data. Source: U.S. Department of Commerce et al. (2013). 
 
 
Figure 1.2. Mean global annual average temperature increase from 1880 to 2012. Red and blue bars 
show temperatures above and below the long-term average, respectively. The black line shows 
atmospheric CO2 concentration in parts per million (ppm). Modified from Karl et al. (2009). 
 
CO2 moves between three natural reservoirs: atmosphere, ocean and land (Figure 
1.3). The atmosphere is a relatively small reservoir compared to the other two, but it 
plays an important role in acting as a conveyor for the carbon exchange between the 
ocean and terrestrial reservoirs (Sarmiento and Gruber 2006a). Of the anthropogenic 
carbon that has been emitted to the atmosphere from fossil fuels, cement production, 
and land use change (555 ± 85 PgC), less than half has accumulated in the atmosphere 
(240 ± 10 PgC); the remaining has been absorbed by the ocean and terrestrial ecosystems, 
both of these known as “carbon sinks” (Ciais et al. 2013, Rhein et al. 2013). 
CHAPTER 1. INTRODUCTION 19 
 
 
Terrestrial ecosystems have an anthropogenic CO2 unbalance between lands affected 
and not affected by land use changes: in the former, 180 ± 80 PgC are lost to the 
atmosphere; in the latter, -160 ± 90 PgC are stored. This gives a balance close to 
neutral, with an average of 30 ± 45 PgC (Ciais et al. 2013). The global ocean 
inventory of anthropogenic carbon was estimated to be 155 ± 31 PgC (Khatiwala et 
al. 2013) in 2010; this corresponds to ~25-30% of the total amount of CO2 emitted 
by human activities since preindustrial times (Mikaloff-Fletcher et al. 2006, Le Quéré 
et al. 2010, Khatiwala et al. 2013). The ocean sink reduces atmospheric GHG levels 
by absorbing CO2, thus minimizing the greenhouse effect, and reducing potential 
heating by emissions. The study of ocean carbon fluxes is one of the keystones for 
obtaining knowledge on climatic changes. 
 
Figure 1.3. Schematic of the global carbon cycle. Numbers represent “carbon stocks” in PgC (1 PgC 
= 1015 gC) and annual carbon exchange fluxes (in PgC yr-1). Black numbers and arrows indicate 
carbon stocks and exchange fluxes estimated for the time before the Industrial Era (~1750). Red 
arrows and numbers indicate annual “anthropogenic” fluxes averaged over the 2000-2009 
period. These fluxes are a perturbation of the carbon cycle during the Industrial Era (post 1750). The 
uptake of anthropogenic CO2 by the ocean and terrestrial ecosystems (carbon sinks) are the red-
arrow-part of Net land flux and Net ocean flux. Red numbers in the reservoirs denote cumulative 
changes of anthropogenic carbon over the Industrial Period 1750-2011. The change in air–sea 
exchange fluxes (red arrows of ocean atmosphere gas exchange) have been estimated from the 
difference in atmospheric partial pressure of CO2 since 1750 (Sarmiento and Gruber 2006a). By 
convention, a positive cumulative change means that a reservoir has gained carbon since 1750. Source: 
Ciais et al. (2013). 
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Measuring and giving an accurate assessment of CO2 fluxes across the seawater-air 
interface can help establish a time-space variability in these exchanges, allowing to 
fully understand the global carbon cycle and to predict future atmospheric CO2 
concentrations. The accurate documentation of changes in the CO2 chemistry of 
ocean waters over time is also important to understand the fate of anthropogenic 
CO2 released into the atmosphere. To document such changes, the Lamont-Doherty 
Earth Observatory (LDEO) and other research institutions around the globe have 
measured CO2 in practically all the world’s oceans, expanding present-day CO2 
observations. This effort has resulted in a database with ~9 million measurements of 
surface water pCO2 over the global oceans between 1957 and 2013 (in it’s last 
update) (Takahashi et al. 2014). It has also led to the publication of three atlases and 
climatologies that attempt to determine CO2 fluxes globally, both natural and 
anthropogenic (Takahashi et al. 1997, 2002, 2009). The last atlas estimated an 
absorption of ~1.6 PgC yr-1 by the global oceans (Takahashi et al. 2009). This study 
coincides with other estimations that report the ocean as a CO2 sink (McNeil et al. 
2003, Manning and Keeling 2006, Mikaloff-Fletcher et al. 2006); but some regions – 
such as the low-latitude equatorial Pacific upwelling region – act as a CO2 source, 
emitting +0.48 PgC yr-1 between 14ºN-14ºS (Figure 1.4). 
 
Figure 1.4. Climatological mean annual sea-air CO2 flux (gC m-2 y-1) for the reference year 2000, not 
taking into account El Niño years. This map is based on 3 million surface water pCO2 measurements 
obtained since 1970. Magenta, dark and light blue pixels denote sinks for atmospheric CO2, whereas 
green, yellow, orange and red indicate sources. Source: 
http://www.ldeo.columbia.edu/res/pi/CO2/carbondioxide/pages/air_sea_flux_2010.html 
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As said before, increases in the LDEO database have been evident in the past couple 
of years; data coverage has improved in regions previously unsampled, and 
observations have increased in highly sampled places. This outrageous increase in 
observations found in the LDEO database is partly due to growing attention towards 
ocean margins during the last decade. These regions cover only ~8% of the total 
ocean surface (Wollast 1991, 1993) but support 18 to 33% of the global primary 
production, responding to the enhanced nutrient fluxes from adjacent continental 
and ocean waters (Álvarez-Salgado et al. 2001). In addition, as much as 83% of 
carbon mineralization and 87% of carbon burial in marine sediments occurs in 
coastal regions (Middelburg et al. 1993). Eastern ocean margins affected by along-
shore equatorward winds are of major interest: CO2 uptake is intensified through 
organic matter production, recycling and export, as deep, cold, salty, nutrient and 
CO2-rich waters are brought to the surface (Walsh 1991). Primary production rates in 
coastal upwelling areas (average 420 gC m-2 y-1) are almost twice than in the global 
coastal zone (250 gC m-2 y-1) (Schlesinger 2013). High fertilization (due to nutrient 
inputs) and enhanced horizontal fluxes, result in upwelling regions exporting 10-100 
times more organic matter than other coastal systems (Barber and Smith 1981, Walsh 
1991). 
 
1.2.  The role of the Coastal Zone and the Continental 
Shelf in the CO2 cycle 
The coastal zone (Figure 1.5) is the region where land, ocean, and atmosphere 
converge and interact (Gattuso et al. 1998). It is located within the continental margin, 
and it generally includes lower-river basins, estuaries, coastal wetlands and continental 
shelves (<100 km from shore), which include the area from the shoreline to the 
continental shelf break (usually at 100 to 200 m depths) (Cai 2011). Coastal zones 
were initially defined – by bathymetry – to be shallower than 200 m for regions north 
of 30ºS (IOCCP 2008). This definition was later replaced by a criterion of distance 
from a major land mass (less than 400 km) in order to better reflect the 
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environmental significance of coastal regions as continental margins (Pfeil et al. 
2013). 
 
Figure 1.5. 2-D transect of a continental margin, which extends from the coastal zone to the 
continental slope. The continental rise is only included within the continental margin in the tectonic 
framework. The 200 and 2000 m isobaths are taken as the upper and lower boundaries of the slope, 
respectively. Source: Liu et al. (2010a). 
 
Although continental shelves only represent about 7% of the oceanic surface area, 
they play a disproportionately important role in the ocean’s biogeochemical cycles. 
They account for about 20% of the total oceanic organic matter production, 80% of 
the total oceanic organic matter burial, 90% of the total oceanic sedimentary 
mineralization, and 30% and 50% of the total oceanic production and accumulation 
of particulate inorganic carbon, respectively (Gattuso et al. 1998). As these 
ecosystems have land and oceanic influences (Cai 2011), they receive massive inputs 
of organic matter and nutrients from land, and at the same time exchange large 
amounts of matter and energy with the open ocean across continental slopes 
(Gattuso et al. 1998). All of the above allows coastal zones to be one of the most 
biogeochemically active areas of the biosphere (Gattuso et al. 1998), presenting 
substantial spatial and temporal heterogeneity in carbon flows (Chen and Borges 
2009), and playing a major role in oceanic biogeochemical cycling (Cai 2011). The 
biological pump operates much more efficiently in coastal environments, leading to a 
rapid reduction of surface CO2 and complicating the accurate quantification of air-
sea CO2 fluxes in these areas (Chavez et al. 2007). 
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The absence of long time-series of pCO2 measurements in continental shelves (Chen 
and Borges 2009) made it hard to identify their roles as sinks or sources of 
atmospheric CO2 in the past, because of their strong spatial heterogeneity, temporal 
variability, and relative paucity in the data (Borges et al. 2005). Previous 
investigations stated that some coastal systems (e.g. estuaries and upwelling systems) 
behaved, at least temporarily, as strong sources of CO2 to the atmosphere (Park et al. 
1969, Kelley and Hood 1971, Kelley et al. 1971, Ver et al. 1999b, 1999a) due to 
heterotrophic processes that took place (i.e. recycling of organic matter). In 1999, 
Tsunogai and collaborators proposed a new mechanism for the absorption of 
atmospheric CO2: the Continental Shelf Pump (Tsunogai et al. 1999). They calculated an 
annual mean CO2 fugacity deficit of -55 ppm (equivalent to a net absorption rate of -
1.00 PgC y-1) for the entire continental shelf, due to several factors: a) coastal waters 
cool faster than the adjacent open sea and produce denser water; b) photosynthesis 
(in this dense water) accelerates CO2 absorption in the shelf zone; c) absorbed CO2 is 
transformed into organic carbon that regenerates in the shallow bottom; d) dense 
water (enriched in dissolved and particulate carbon) is transported to the open ocean, 
thus maintaining the low CO2 fugacity in surface waters of the shelf zone (Tsunogai 
et al. 1999). After this work was published, the coastal ocean was put in the spotlight 
and more investigations have focused on disentangling the role of the coastal ocean 
as a source or sink of atmospheric CO2.  
Rabouille et al. (2001) solved the diverging view on carbon cycling in the coastal 
oceans by splitting the global coastal ocean into a proximal zone (that includes large 
bays, the open water part of estuaries, deltas, inland seas, and salt marshes) and a 
distal zone (that contains open continental shelves down to a depth of 200 m). 
Proximal coastal regions are slightly heterotrophic and act as CO2 sources, while 
distal coastal regions are autotrophic and act as CO2 sinks (Rabouille et al. 2001, 
Chen and Borges 2009). Chen and Borges (2009) attempted another reconciliation 
where they concluded that inner estuaries, near-shore coastal waters and intensive 
upwelling areas are over-saturated with CO2, while most open shelf areas are 
undersaturated. These results confirmed the net heterotrophy of near-shore coastal 
ecosystems, the large terrestrial inputs received, and their atmospheric CO2 emission 
at rates of ~0.50 PgC y-1 (Chen and Borges 2009). This work also confirmed the net 
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autotrophy of marginal seas, their carbon export to the adjacent deep ocean as 
organic and inorganic carbon (Wollast 1998, Tsunogai et al. 1999, Cai et al. 2003), 
and their atmospheric CO2 absorption at a rate between 0.33-0.36 PgC y
-1 (Chen and 
Borges 2009). The emission rate of proximal continental shelves has been estimated 
to range between 0.60 and 0.094 PgC yr-1 (Abril and Borges 2005, Chen et al. 2013), 
and the absorption rate of distal continental shelves between -0.45 and -0.21 PgC yr-1 
(Borges et al. 2005, Laruelle et al. 2010). This range of flux values is a result of the 
intense primary production and the large seasonal variations of pCO2 from 
undersaturation to oversaturation (Abril and Borges 2005), that reflects the 
heterogeneity and complexity of the coastal ocean (Laruelle et al. 2010). 
Recent investigations are based on compilations from various studies around the 
globe (Borges 2005, Borges et al. 2005, Cai et al. 2006, Laruelle et al. 2010, Cai 2011, 
Chen et al. 2013), in which air-sea CO2 flux data is annually integrated for a number 
of coastal environments that are gathered, or not, in major ecosystems. These 
compilations suggest that open continental shelves at high and temperate latitudes 
behave as sinks for atmospheric CO2, while low latitude open continental shelves 
behave as significant sources. The quantification of atmospheric CO2 absorption by 
the coastal ocean differs between studies: some calculate absorption rates that range 
between -0.3 and -0.05 PgC y-1 (Borges et al. 2005, Chen et al. 2013), but others 
calculate emissions that range from 0.12 to 0.05 PgC y-1 (Borges 2005, Cai 2011). The 
absorption by the coastal ocean would account for approximately 3-18% of the open 
ocean CO2 uptake (~1.6 PgC y
-1, Takahashi et al. (2009)). 
 
1.3.  Coastal Upwelling Systems 
Coastal upwellings develop on the eastern margins of subtropical gyres in the 
Atlantic and Pacific Oceans, when along-shore, equatorward winds are predominant 
and drive the surface Ekman layer offshore. The mass balance is maintained by the 
upwelling of subsurface water (Sverdrup 1938) into the coastal photic layer along a 
narrow region close to the coast; this water is typically denser, cooler and richer in 
CHAPTER 1. INTRODUCTION 25 
 
 
nutrients (Wooster et al. 1976, Arístegui et al. 2009), which stimulates phytoplankton 
production.  
There are four major Eastern Boundary Upwelling Ecosystems (EBUEs) associated 
with the Canary, California, Humboldt and Benguela Currents. Primary production 
rates in these areas are high and can range from 60 to 2042 gC m-2 y-1 off the 
Moroccan and Chilean coasts, respectively (Walsh 1988). These ecosystems are one 
of the most productive in the world’s oceans: they account for ~20% of the global 
fish catch in spite of occupying <1% of the global ocean’s area (Pauly and 
Christensen 1995). 
Coastal areas affected by wind-driven upwellings are relevant for the global carbon 
cycle because of their enhanced physical and biological activity, compared to other 
environments (Gago et al. 2003a). These areas are known to show oversaturation of 
CO2 compared to the atmospheric equilibrium, due to the input of CO2-rich deep 
waters. But primary production is also fueled because the upwelling brings nutrients 
into the system, lowering those initially high pCO2 values. Each of these two 
processes has an opposing effect on ∆pCO2: in the Peruvian and Chilean coastal 
upwelling systems (two of the most productive oceanic areas worldwide), huge 
oversaturation of CO2 compared to the atmosphere has been reported with pCO2 
values up to 1200 ppm, although low values down to 140 ppm have also been 
observed in relation to primary production (Torres et al. 1999, 2002). Other 
upwelling systems show a narrower range: 100-850 ppm off the California coast 
(Friederich et al. 2002), or 300-450 ppm off the Mauritanian coast (Copin-Montégut 
and Avril 1995). Upwelling systems located in mid to high latitudes tend to be small 
sinks with seasonally reversing air-sea CO2 fluxes (Borges 2005, Hales et al. 2005, Cai 
et al. 2006, Evans et al. 2011, Torres et al. 2011); those in low latitudes tend to be net 
atmospheric CO2 sources because of a more intense and relatively permanent 
upwelling that rapidly warms pCO2-rich deep-waters brought to the surface (Chavez 
et al. 1999, Cai et al. 2006, Friederich et al. 2008, Torres et al. 2011). 
The concern regarding the effects climate change will have on upwelling ecosystems 
has increased over the last 20 years. In the 1990s, Bakun (1990) introduced the 
“Upwelling Intensification Hypothesis”, which explained that a global warming 
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scenario would: a) reduce nighttime continental cooling and increase daytime heating 
(during boreal spring and summer in the subtropics); b) intensify the land-ocean 
temperature and pressure gradients; c) strengthen the alongshore equatorward wind 
stress on the ocean surface; d) intensify coastal upwelling along eastern ocean 
boundaries; e) increase primary production; f) increase the rate at which carbon is 
sequestered beneath the ocean thermocline; and ultimately g) reduce the rate of CO2 
buildup in the atmosphere (Bakun 1990). But model simulations suggest otherwise: 
warming will enhance stratification, thus preventing GHG transport from the near 
surface into the ocean’s interior and reducing oceanic atmospheric CO2 uptake 
(Gruber 2011). Increased stratification will also decrease exchange between the ocean 
surface and the bottom layers, reducing ventilation and increasing hypoxic areas 
(Stramma et al. 2008). 
Although Bakun’s theory has been backed up by a number of studies, there are 
others findings that contradict it; there are also disagreements between studies in the 
same area. For example: in the NW African upwelling and the Iberian/Canary 
Current systems some studies have found a significant cooling of surface waters 
(related to upwelling intensification) (McGregor et al. 2007, Narayan et al. 2010, 
Casabella et al. 2014), but others have reported a general upwelling weakening and 
sea-surface warming in offshore and coastal regions (Lemos and Pires 2004, Gómez-
Gesteira et al. 2008, Álvarez-Salgado et al. 2008, Relvas et al. 2009, Pérez et al. 2010, 
Pardo et al. 2011, Barton et al. 2013). In the California Current system some studies 
have found an increase in equatorward wind stress and salinity, and a decrease in SST 
and sea level (Schwing and Mendelssohn 1997, Bakun and Weeks 2004, Narayan et 
al. 2010), but others have suggested a decrease in upwelling (Juillet-Leclerc and 
Schrader 1987) and a long-term warming trend (Di Lorenzo et al. 2005). In the 
Humboldt current system studies have shown an increase in the meridional wind 
stress (Narayan et al. 2010), but others indicate a weakening of upwelling 
accompanied by marginal sea-surface warming (Pardo et al. 2011). 
The biological response to upwelling variability will depend on the amplitude of wind 
perturbation, initial nutrient conditions, factors controlling biological growth and 
near shore-offshore water exchanges (Lachkar and Gruber 2013). Furthermore, even 
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a theoretical increase of primary production related to the intensification of coastal 
upwelling would not necessarily promote reproductive success and population 
growth of commercial fishes (Bakun and Troadec 1989). For example: if the ocean 
surface layer is rapidly transported offshore (Bakun and Weeks 2004), substantial 
populations within (and adjacent to) the strongly divergent upwelling zone could not 
be maintained; Cury and Roy (1989) suggested that along-shore wind speeds greater 
than 5-7 m/s decrease the biomass of small pelagic fishes. And if production were to 
increase, sedimentation of unoxidized organic matter on the sea floor might also be 
promoted (Bakun and Weeks 2004) and become anoxic at depth (Jackson et al. 
1989).  
Coastal upwelling areas are also vulnerable to various anthropogenic perturbations 
(e.g. upper ocean warming (Di Lorenzo et al. 2005), ocean acidification (Feely et al. 
2008, Hauri et al. 2012), ocean deoxygenation (Bograd et al. 2008), and their possible 
interactive effects (Gruber 2011)), and basin-scale oscillations (e.g. the Atlantic 
Multidecadal Oscillation - AMO, the North Atlantic Oscillation - NAO, the Pacific 
Decadal Oscillation - PDO, the Eastern Atlantic Pattern - EAP, the Interdecadal 
Pacific Oscillation – IPO, the El Niño Southern Oscillation - ENSO) (Narayan et al. 
2010). Anthropogenic disturbances can change the physical, chemical, and biological 
environments, as well as the ocean’s biogeochemical cycles and ecosystems (Gruber 
2011). Basin-scale oscillations (or climatic indices) can be used as upwelling 
predictors, or to understand the long-term trends and variability in upwelling and 
SST, or to model emission or absorption rates. For example: the NAO and the EAP 
can predict winter and spring upwelling in the northern (EAP) and central-southern 
(NAO) parts of the Iberian/Canary upwelling system; the AMO can be used in 
summer only for the central zones of the Iberian/Canary region and the northern 
zones of the NW African Region; and the modulation of the IPO in autumn can 
influence the variability of SST in the southern zones of the NW African region 
(Pardo et al. 2011). 
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1.3.1.  The NW Iberian Upwelling System 
The Galician coast is one of the regions studied during this thesis. It is located in the 
NW Iberian Upwelling System, an area of intensive productivity and fishery activity 
because it lies at the northern limit of the Iberian/Canary Upwelling System (37ºN-
43ºN). The northern Iberian Basin presents a year-round current characterized by a 
weak southward flow (Peliz et al. 2005) of cold, fresh and nutrient-rich subpolar 
waters: the Portugal (PC) or Iberian Current (IC) (Figure 1.6). The Portugal Coastal 
Current (PCC) (Ámbar and Fiúza 1994) appears closer to the shelf break and parallel 
to the PC; it is a seasonally reversing current that occurs as a series of recurrent cold 
intrusions between the Galicia Bank and the Iberian Coast (Varela et al. 2005). 
Waters flowing to the east of the PCC (eastwards of 10º30’W according to Mazé et al. 
(1997)) and north of 40ºN, belong to the Iberian Poleward Current (IPC) (Frouin et 
al. 1989), or Portugal Coastal Counter Current (PCCC) (Álvarez-Salgado et al. 2003); 
this is a poleward-flowing slope current that carries warm, salty and nutrient-poor 
subtropical waters along the Atlantic (Haynes and Barton 1991) and Cantabrian 
coasts (Pingree and Le Cann 1990) of the Iberian Peninsula. 
 
Figure 1.6. Main circulation features of the NW Iberian Peninsula. The 200, 500, and 1000 m 
isobaths are shown. The Iberian Poleward Current (IPC) has two possible branches that are shown as 
a dotted arrow; the Portugal current (PC) appears on the far left (red arrow); the Portugal Coastal 
Current (PCC) appears on the 10ºW-11ºW meridian; the Western Iberian Buoyant plume (WIBO, due 
to river discharge), is shown as a shaded region close to the shelf; the subsurface front defined by 
Fraga (1987) (splitting the region in two domains :the ENACWsp and the ENACWst) is shown as a 
shaded region almost perpendicular to the shelf line. Some anticyclonic gyres are shown in the 
Cantabrian Sea, symbolizing the SWOODIES that shed from the IPC in that region. Source Varela et 
al. (2005). 
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The upwelling season off NW Spain is described as a succession of 
upwelling/relaxation cycles with a period of 10-20 days (Blanton et al. 1987, Álvarez-
Salgado et al. 1993) during spring and summer (from March-April to September-
October). Throughout these seasons, northeasterly winds prevail in the Iberian Basin 
(Wooster et al. 1976, Bakun and Nelson 1991), allowing the upwelling of deep, cold, 
and nutrient-rich waters. There is an upwelling center between Punta Roncudo and 
Cape Finisterre that divides the area in two, due to the difference in winds and 
characteristics of the upwelled water: ENAWsp (subpolar Eastern North Atlantic 
Water) upwells in the northern zone, and ENAWst (subtropical Eastern North 
Atlantic Water) upwells in the southern zone (Varela et al. 2005). During the 
upwelling season, the IPC drifts offshore and/or appears as a subsurface counter 
current; it exports coastal surface water to the open ocean, especially at recurrent 
upwelling centers and filaments along the western Iberian coast (McClain et al. 1986, 
Haynes et al. 1993, Álvarez-Salgado et al. 2001). The PC flows southwards and 
carries cold and nutrient-rich ENAWsp (Álvarez-Salgado et al. 2003). During fall and 
winter the situation reverses: southwesterly winds become predominant, surface 
circulation inverses, surface water travels towards the coast, the IPC occupies the 
water column from surface to depths of 1500 m, and the Mediterranean Overflow 
Water propagates along the western and northern Iberian slope (Arístegui et al. 2006). 
The situation in the Rías Baixas is similar to this general meteorological/circulation 
scheme (Varela et al. 2005), but bathymetry interactions enhance the effect of coastal 
upwelling/downwelling (Blanton et al. 1984). 
The Rías Baixas are four large (>25 km3) tectonic valleys located in Galicia, on the 
northwestern coast of Spain (Figure 1.7); they work as positive estuaries (Fraga 1981) 
and as an extension of the shelf during the upwelling season (Rosón et al. 1995, 
Doval et al. 1997). Strong upwelling during spring-summer causes greater outflow 
from the Rías, as seen by the high phytoplankton biomass transported to the shelf 
during these events (Varela 1992); weak upwelling injects nutrients to just below the 
photic layer and favors the growth of motile dinoflagellates (Figueiras and Ríos 1993). 
Downwelling conditions in autumn bring warm surface water and red-tide-species 
from the shelf back into the Rías, where higher nutrient levels favor the development 
of a small-cell plankton community, low primary production, and a slightly 
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heterotrophic net ecosystem metabolism (Arbones et al. 2008). Thus, the stable 
conditions of September (as a follow-up of the upwelling season) make the Rías 
prone to red tide outbreaks (Fraga et al. 1988, 1990, Tilstone et al. 1994, Figueiras et 
al. 1994). 
 
Figure 1.7. Map of the NW Iberian Peninsula and adjacent coastal zone, consisting of an open shelf 
and a system of large embayments freely connected with the shelf, known as Rías. The Rías of Vigo, 
Pontevedra, Arousa, Muros and Noia, and Corcubión are known as the “Rías Baixas”, while the Rías 
of Camariñas, and Corme and Lage are known as the “Rías Medias”. The Rías of Coruña, Ares, 
Betanzos, Ferrol, Cedeira, Ortigueira, Barquero, and Viveiro form the “Rías Altas”. 
 
The NW Iberian Upwelling System has been studied from a limited number of 
oceanographic campaigns, with differences in sampling frequencies, and seasonal and 
annual coverage. To improve the annual cycle description and characterization of 
this upwelling system, important efforts need to be directed towards filling existing 
voids. However, beyond the different parameterizations used for estimating annual 
uptake rates, studies agree that the NW Iberian upwelling system behaves as a sink 
for atmospheric CO2 (Pérez et al. 1999, Borges and Frankignoulle 2001, 2002b, 
Borges 2005). Exchange rates oscillate between absorptions of -30.71 gC m-2 y-1 
(calculated by Borges and Frankignoulle (2002b) using the gas transfer velocity of 
Liss & Merlivat (1986)), and emissions of 0.79 gC m-2 y-1 (reported by Pérez et al. 
(1999), using the gas transfer velocity of Woolf and Thorpe (1991), derived from Liss 
and Merlivat (1986)). The high absorption rates are due to: a) relatively low (400-500 
µatm) pCO2 levels of the upwelled waters (ENACW), compared with aged central 
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waters of other coastal upwelling regions that act as sources of CO2 to the 
atmosphere; and b) the intermittency of the NW Iberian upwelling, which allows an 
efficient utilization of upwelled nutrients that leads to production rates comparable 
with other coastal upwelling systems where nutrient input is much higher (Arístegui 
et al. 2006).  
Off the Galician coast, the surface water is depleted of nutrients and undersaturated 
with respect to atmospheric CO2 at the end of an upwelling cycle (Borges and 
Frankignoulle 2001, 2002a, 2002b, Álvarez-Salgado et al. 2001). This feature 
differentiates the Rías Baixas – with a considerable width of the continental shelf – 
from the northern area off Cape Finisterre – where it is much narrower (Borges and 
Frankignoulle 2002b). pCO2 values are lower and temperatures are higher off the 
Rías Baixas due to the combination of outwelling of pCO2 
equilibrated/undersaturated waters from the Rías than off Cape Finisterre, where 
oversaturation of CO2 related to upwelling has been observed during summer cruises 
(Borges and Frankignoulle 2002b). The presence of upwelling filaments is another 
interesting feature of the upwelling system off the Galician coast; they have stronger 
undersaturation values compared with offshore waters (Barton et al. 2001, Borges 
and Frankignoulle 2002a, 2002b). 
There are contradictory findings regarding the effects climate change will have off 
the Iberian Peninsula in the northeastern Atlantic Ocean. Some findings point 
towards the increasing wind stress during the spring-summer upwelling season 
(Dickson et al. 1988, Borges et al. 2003, Miranda et al. 2013), but others show a 
weakening of the Iberian upwelling and an increase in SST (Pérez et al. 2010, Pardo 
et al. 2011, Alves and Miranda 2013). Ruiz-Villarreal et al. (2009) indicated a decrease 
in the intensity and duration of upwelling in the last 40 years due to changes in wind 
patterns, with a significant reduction in the intensity of upwelling by 45% and length 
of upwelling favorable conditions by 30%. Pérez et al. (2010) described a weakening 
in coastal upwelling, an increase (decrease) of chlorophyll-a in the inner (outer) shelf, 
and an increase in renewal time; all of these factors favor stratification and increase in 
organic matter mineralization, and nitrite, ammonium, and phosphate concentrations. 
These factors would lead to an increase in the frequency of harmful algal blooms, 
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and a decrease in productivity of exploitable species (Pérez et al. 2010). Therefore, 
the variability of the coastal upwelling in this region may be a relevant factor to take 
into account when modeling seafood production in future scenarios of climate 
change (Casabella et al. 2014). 
 
1.3.2.  The California Current System 
The California Current System (CCS) extends, in the north, from the Transition 
Zone (~50ºN, separating the North Pacific and Alaska gyres) – where the east-
flowing North Pacific Current approaches North America – all the way south to 
subtropical waters off Baja California, Mexico (~15-25ºN) (Hickey 1979, Douglass et 
al. 2006). Diverse patterns and processes affect the biogeochemistry of the CCS: 
wind-driven upwelling, a geostrophically balanced California Current (CC), a coastal 
jet, the California Undercurrent (CU) (Figure 1.8), large-scale patterns of atmospheric 
pressure, river flows (that provide buoyancy and nutrients), an irregular coastline, 
bathymetry, and temporal variations in forcing (e.g. atmospheric, wind, and 
buoyancy) (Checkley Jr. and Barth 2009). Human activities affect the CCS through: a) 
coastal eutrophication, which has been suggested to sustain nitrogen demands for 
harmful algal blooms that have poisoned higher-trophic level organisms (Kudela et 
al. 2008); b) pollution; c) fishing pressure, which has depleted demersal stocks more 
than pelagic stocks; and d) climate change, which has increased open-shelf hypoxia 
events (due to changes in upwelling source water properties and wind forcing), 
temperature, stratification, ocean acidification, and has reduced nutrient availability 
for surface production (Checkley Jr. and Barth 2009) 
Chavez and Messié (2009) divided the CCS in four regions, based on the seasonality 
and strength of the upwelling: the NW Pacific (with strong winter storms, freshwater 
runoff and seasonal summer upwelling), Central California (characterized by dry 
conditions, and spring-summer upwelling), the Southern California Bight 
(distinguished by a large and relatively stable upwelling shadow) and Baja California 
(identified by a year-round and weaker upwelling). For the purposes of this thesis, we 
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will talk a little bit more about the Central California Current System, which is the 
region studied in Chapter 3.  
 
Figure 1.8. Map of the California Current System. Major regions (Northern, Central, and Southern), 
currents (California Current (1), California Undercurrent (subsurface; 2), Davidson Current (surface; 
2), Coastal Jet (3), North Pacific Current (4), and Southern California Eddy (5)) and geographic 
features (several rivers, US states, capes, and rivers) are shown. The California Current derives from 
both the North Pacific Current to the north, and the coastal jet to the east. Source: Checkley Jr. and 
Barth (2009). 
 
The coastal ocean off the western United States is a classic wind-driven coastal 
upwelling system. In early spring, the Aleutian low-pressure system moves to the 
northwest and the Pacific High moves northward, so that northwesterly winds are 
strengthened (Pennington and Chavez 2000). These winds induce offshore transport 
of surface waters with associated eddies and fronts that extend offshore to the 
California Current Jet (Checkley Jr. and Barth 2009), inducing the upwelling of cool, 
nutrient and CO2-rich waters from intermediate depths (100-200 m) onto the 
continental shelf. Rich phytoplankton growth supports an abundant trophic pyramid, 
including valuable fishery resources and important seabird and marine mammal 
populations (Ryther 1969). During upwelling, isolines in the California Upwelling 
System (CUS) become shallower and inshore near-surface waters become colder and 
saltier (Pennington and Chavez 2000, Chavez et al. 2002, 2003). This wind-driven 
equatorward circulation overlies the poleward-flowing CU (Figure 1.8). The 
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upwelling lasts until late summer or fall, when winter storms return (Feely et al. 
2008). In winter, the northwesterly winds weaken or are replaced by southerly storm 
winds. 
The input of CO2 supersaturated and nutrient-rich subsurface waters is so intense in 
areas closer to coast (such as within Monterey Bay) that primary production depletes 
nutrient concentration to reduce surface saturation with respect to the atmosphere. 
In the band between coast and 20 km offshore of Monterey Bay the CUS behaves as 
a sink of atmospheric CO2 (Pennington et al. 2010), but within the Rosby Radius 
region of active upwellings (20-52 km), CO2 is emitted from the ocean on an annual 
basis (although the flux in this region goes from emissions in spring and summer to 
absorptions in autumn) (Pennington et al. 2010). Further offshore in the CUS, from 
52 to 170 km, CO2 is absorbed all year round. This variability results in that, on an 
annual basis, CO2 fluxes between the ocean and atmosphere are balanced 
(Pennington et al. 2010). The physical upwelling of CO2 near the shore in spring and 
summer is balanced by biological production and drawdown offshore in fall and 
winter (Pennington et al. 2010).  
The long term variability of these CO2 emissions depends on different large-scale 
atmospheric oscillations: the Pacific Decadal Oscillation (PDO) (Mantua et al. 1997), 
the North Pacific Gyre Oscillation (NPGO) (Di Lorenzo et al. 2008), and the ENSO 
at shorter time scales (Checkley Jr. and Barth 2009). Friederich et al. (2002) showed 
that the CUS shifts from a source during La Niña years, to a sink of atmospheric 
CO2 during El Niño years.  
In future scenarios of climate change were coastal upwelling is accelerated, the cool 
foggy summer conditions that typify the coastland of northern California and other 
similar upwelling regions might become even more pronounced (Bakun 1990). 
Bakun (1990) showed a trend towards substantially increasing southward wind stress 
off the coast of northern California between 1945 and 1975. Schwing and 
Mendelssohn (1997) confirmed this increase in upwelling-favorable winds. But 
contrary to what would be expected (increase in coastal alongshore winds should 
cool SST) a warming trend along the Southern California coast has also been 
observed as a consequence of climate change (Bograd and Lynn 2003, Di Lorenzo et 
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al. 2005) which has caused a poleward shift of species distribution (Checkley Jr. and 
Barth 2009). Upper-ocean warming can also lead to a deepening of the mean 
thermocline and increased stratification, which in turn would lead to a reduction of 
nutrient supply to the coast, reduction of biological effectiveness of upwelling, and 
an eventual decline in zooplankton concentration (McGowan et al. 2003, Di Lorenzo 
et al. 2005). The altered seawater chemistry, including ocean acidification, will affect 
ecosystems and biogeochemistry of the CCS. Feely et al. (2008) showed evidence of 
corrosive “acidified” water being upwelled into broad regions of the North American 
western continental shelf, but more studies are needed in order to understand how 
indigenous organisms will deal with this exposure and to test how their survivorship 
will be affected. The evaluation of temporal and spatial variability over the entire 
variable spectrum is important when examining long-term environmental 
fluctuations, rather tan simply examining global climate scales (Schwing and 
Mendelssohn 1997). 
 
1.4.  Thesis Objectives 
The main objective of this thesis is to evaluate the variability of CO2 fluxes in the 
Galician and Californian upwelling systems, relating the annual and interannual 
variability to biological and/or temperature changes, as well as with fluctuations in 
the North Atlantic Oscillation Index (NAO) and Multivariate ENSO Index (MEI), 
respectively. This objective is divided in the following specific objectives:  
a) Evaluate the variability within the Galician upwelling system from 2001 to 2004. 
The results of this objective were published in a special issue of Scientia Marina, 
dedicated to Professor Dr. Fernando Fraga, in recognition to his outstanding 
contribution to the field of marine chemistry (Chapter 3. Short-term variability of 
surface carbon dioxide and sea-air CO2 fluxes in the shelf waters of the Galician 
coastal upwelling system). 
b) Analyze the variability of CO2 fluxes in the Californian Upwelling System related 
to the preformed nutrient content of upwelled waters, highlighting the importance of 
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biological processes. This study is product of a larger study that involved the entire 
western coast of the Americas, and it was done in collaboration with the Monterey 
Bay Aquarium Research Institute (MBARI) during two 3-month stays. The article 
was submitted for publication to Global Biogeochemical Cycles, and we are currently 
working on the suggestions provided by the journal’s reviewers. (Chapter 4. A 
synthesis of seawater pCO2 along the western coast of the Americas). 
c) Study the seasonality of sea surface temperature (SST), upwelling index (Iw), sea 
surface fCO2 gradient (∆fCO2), sea-air CO2 fluxes (FCO2), and net ecosystem 
production (NEP) in the Galician and Californian upwelling systems from 1997 to 
2010. Evaluate the contribution of these factors to explain the observed fCO2
sw 
variability in both upwellings, and evaluate the effect of climate oscillations (MEI and 
NAO) on the fCO2
sw interannual variability. The results from this work are presented 
in Chapter 5 (CO2 Flux Variability in the Galician and Californian Upwelling 
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Con su ritual de acero 
sus grandes chimeneas 
sus sabios clandestinos 
su canto de sirenas 
sus cielos de neón 
sus ventanas navideñas 
su culto a dios padre 
y de las charreteras 
con sus llaves del reino 
el norte es el que ordena. 
 
Pero aquí abajo, abajo 
el hambre disponible 
recurre al fruto amargo 
de lo que otros deciden 
mientras que el tiempo pasa 
y pasan los desfiles 
y se hacen otras cosas  
que el norte no prohíbe 
con su esperanza dura 
el sur también existe. 
 
Con sus predicadores 
sus gases que envenenan 
su escuela de Chicago 
sus dueños de la tierra 
con sus trapos de lujo 
y su pobre osamenta 
sus defensas gastadas 
sus gastos de defensa 
con su gesta invasora 





Pero aquí abajo, abajo 
cada uno en su escondite 
hay hombres y mujeres 
que saben a qué asirse 
aprovechando el sol 
y también los eclipses 
apartando lo inútil 
y usando lo que sirve 
con su fe veterana 
el sur también existe. 
 
Con su corno francés 
y su academia sueca 
su salsa americana 
y sus llaves inglesas 
con todos sus misiles 
y sus enciclopedias 
su guerra de galaxias 
y su saña opulenta 
con todos sus laureles 
el norte es el que ordena. 
 
Pero aquí abajo, abajo 
cerca de las raíces 
es donde la memoria 
ningún recuerdo omite 
y hay quienes se desmueren 
y hay quienes se desviven 
y así entre todos logran 
lo que era un imposible 
que todo el mundo sepa  





Mario Benedetti. 1986. El sur también existe. En: Preguntas al Azar. Editorial 
Sudamericana. Buenos Aires, Argentina. 177pp. 
 
Una de las diez canciones especialmente escritas para el disco “El Sur también 















CHAPTER 2.  MATERIALS AND METHODS 
Historically, there has been a lack of temporal and spatial data to study the trend of 
CO2 fluxes in a given area. Countries with a higher investment in research – such as 
the USA – have a longer historical data set. Other countries have recently started to 
understand the need for gathering and studying data to complete previous datasets 
and expand these in time and area coverage. But to draw conclusions from the 
results obtained, the data have to be correctly treated.  
xCO2
atm, and underway pCO2 and fCO2 were extracted from international databases 
to calculate the CO2 disequilibrium at the study sites in this thesis; these were 
coupled with CO2 data from two independent research institutions: the Marine 
Research Institute in Vigo (Spain) and the Monterey Bay Aquarium Research 
Institute in Moss Landing (CA, USA). Wind speed, salinity, and temperature 
databases were used to calculate the CO2 gas transfer coefficient and solubility. 
Chlorophyll-a (a proxy of the biological activity) was extracted to study its impact on 
CO2 fluxes across the sea surface and the atmosphere. CO2 flux calculations are 
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2.1.  Atmospheric pCO2 
Monitoring the evolution of atmospheric CO2 and its gradual global buildup 
contributes to the estimate of important large-scale and long-term environmental 
consequences of fossil fuel burning and deforestation. Spatial and temporal 
variations of atmospheric CO2 concentrations can be quantitatively interpreted 
through tracer transport inversion (Gurney et al. 2003) and atmospheric inverse 
models (Jacobson et al. 2007) to inform about surface sources and sinks. These 
measurements improve the comprehension of today’s global carbon cycle (Masarie 
and Tans 1995) and the assessment of contemporary emission and uptake of CO2 by 
other reservoirs to reliably predict future atmospheric CO2 levels (Gurney et al. 
2003).  
Measurements of atmospheric CO2 are affected by contamination from nearby land 
sources, or from stack gases (when measurements are done in ships) which is why 
Pierrot et al. (2009) recommend that atmospheric air should be measured at the bow 
of the ships to minimize stack gas contamination. These authors also suggest that the 
air is pulled at a high flow rate into the system to “minimize the residence time of 
atmospheric air in the usually very long gas line” (Pierrot et al. 2009). Because 
atmospheric CO2 is needed to accurately calculate CO2 fluxes between the ocean and 
the atmosphere, Version 2 of SOCAT reports atmospheric CO2 (as mole fractions) 
from the 2012 GLOBALVIEW-CO2 (Bakker et al. 2014); fCO2 maps may be 
created by SOCAT products to calculate basin-wide monthly CO2 sea-air fluxes, 
which may constrain atmospheric inversions for global atmospheric carbon budgets 
(Pfeil et al. 2013). 
 
2.1.1.  GLOBALVIEW-CO2 
GLOBALVIEW-CO2 is a cooperative effort of many organizations and institutions 
making high-quality atmospheric CO2 measurements with unprecedented temporal 
continuity and spatial resolution. It is product of the Cooperative Global 
Atmospheric Data Integration Project that is coordinated and maintained by the 
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Carbon Cycle Greenhouse Gases group of the National Oceanic and Atmospheric 
Administration (NOAA) and the Earth System Research Laboratory (ESRL). The 
data products found in this database enhance the spatial and temporal distribution of 
atmospheric observations of CO2 
(http://www.esrl.noaa.gov/gmd/ccgg/globalview/). The goal of this initiative is to 
make high-precision atmospheric measurements of trace gas species that will 
facilitate the understanding of the processes controlling their abundance. These and 
other measurements have been used to constrain atmospheric models to derive 
possible future source/sink scenarios (Cooperative Global Atmospheric Data 
Integration Project 2013). 
GLOBALVIEW-CO2 is derived from atmospheric measurements but contains no 
actual data. The extension and integration techniques described by Masarie and Tans 
(1995) smooth, interpolate and extrapolate a limited period of measurements that 
result in extended records evenly incremented in time (Cooperative Global 
Atmospheric Data Integration Project 2013). CO2 measurement records from 
collaborating laboratories around the world have been extended and integrated with 
the NOAA-ESRL measurements into GLOBALVIEW-CO2 attending to 
methodology and standard scales. 
 
2.2.  Oceanic pCO2 
Modern investigations of ocean pCO2 (pCO2
sw) started during the International 
Geophysical Year (IGY) between 1957 and 1960, with the introduction of infrared 
CO2 gas analyzers and gas-water equilibrators on board oceanographic research 
vessels (Takahashi 1961, Keeling 1965, Keeling et al. 1965, Broecker and Takahashi 
1966). The quality of pCO2
sw greatly improved after the IGY with the introduction of 
high-accuracy CO2-air gas mixtures to calibrate analyzers at sea.  
CO2 analyzers and equilibrators have improved in frequency and accuracy and, with 
the introduction of computers for system control and data logging, data collection 
and quality increased (Takahashi et al. 2013). This progress in data collection was 
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possible due to the development of autonomous instruments for the continuous 
measurement of surface water fCO2 (Körtzinger et al. 1996, Cooper et al. 1998, 
Pierrot et al. 2009), and their installation onboard ships of opportunity (Cooper et al. 
1998, Lüger et al. 2004, Schuster and Watson 2007), moorings and drifters (Hood et 
al. 1999). 
The number of pCO2
sw observations increased more than three times during the 
2000s compared to the 1990s (Bakker et al. 2014), as a result of regional funding 
initiatives and large international research programs (i.e. the Joint Global Ocean Flux 
Study – JGOFS, and the World Ocean Circulation Experiment – WOCE). 
International collaborations have allowed the establishment of databases with a great 
number of observations that cover a broader geographical range; such is the case of 
the LDEO and SOCAT databases. 
 
2.2.1.  The LDEO database 
The LDEO database started measuring pCO2
sw from the global oceans and coastal 
seas in the mid 1980s. Later on, researchers and institutions from all over the world 
began to collaborate by contributing their data to the record, allowing this database 
to cover a broader geographical range of data measured between 1957 and 2013 
(Takahashi et al. 2013). 
The first publicly released version of this archive contained more than 3 million 
observations of pCO2 (Takahashi et al. 2007); the following annual releases showed 
an increase in data (Figure 2.1) that has been maintained until the last update, which 
included 9 million measurements (Takahashi et al. 2014). Additionally, the LDEO 
database has led to the publication of three global climatologies: the first in 1997 
based on 0.25 million pCO2 measurements (Takahashi et al. 1997), the second one in 
2002 with ~1 million (Takahashi et al. 2002), and the most recent one published in 
2009, where observations reached ~3 million (Takahashi et al. 2009). 




Figure 2.1. Increase in number of pCO2sw observations in the LDEO database throughout its yearly 
version updates. 
 
The data assembled for the last report only includes data measured using 
equilibrator-CO2 analyzer systems. They also have been quality-controlled based 
upon the stability of the system performance, the reliability of calibrations for CO2 
analysis, and the internal consistency of the data. The authors have estimated that the 
overall uncertainty is estimated to be ±2.5 µatm on average (Takahashi et al. 2014). 
The objective of this database is to assemble high-quality pCO2
sw data obtained using 
the equilibrator-CO2 analyzer, and to reprocess the data provided by collaborating 
institutions in order to remove biases due to differences in computational schemes 
used by each one. Therefore, the pCO2
sw values listed in this database may differ 
from the original listings prepared by respective investigators. A “standardized 
method of computation” is described in Takahashi et al. (2014), detailing data 
acquisition, processing, filtering, and including recomputation equations used to 
calculate !"#! !!"#$!"# , pCO2sw, pCO2atm, and ∆pCO2. 
The pCO2
sw used in Takahashi et al. (2009) is determined using one of two 
techniques: the turbulent water-air equilibration method modified from the basic 
designs developed during the IGY (Takahashi 1961, Keeling et al. 1965, Broecker 
and Takahashi 1966), or the membrane-equilibrator method described in Hales et al. 
(2004). A volume of carrier gas is equilibrated with seawater (closed or continuously 
flowing) and the concentration of CO2 in the equilibrated carrier gas is measured 
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either by infrared absorption or by gas chromatography. The analyzers have to be 
calibrated with two or more reference gas mixtures, and its CO2 molar mixing ratios 
have to be traceable to the World Meteorological Organization (WMO) gas 
standards, or to the reference gases certified by NOAA-ESRL. 
 
2.2.2.  SOCAT 
The Surface Ocean CO2 Atlas (SOCAT) is a publicly available and regularly updated 
global data set of quality controlled fCO2
sw data points from the global oceans and 
coastal seas. Version 2 was made public on June 4th, 2013; it includes data from 1968 
to 2011 and increases the number of observations from 6.3 million in version 1.5 
(Pfeil et al. 2013) to 10.1 million (Figure 2.2). SOCAT only includes fCO2
sw values 
measured in near-continuous operation or in discrete samples with an equilibrator 
system (or a spectrophotometer), and they are reported as xCO2, pCO2, or fCO2. 
SOCAT also includes gridded products at different temporal scales, averaged with 
minimal interpolation (Pfeil et al. 2013). 
 
Figure 2.2. Global distribution of surface water fCO2 values in SOCAT version 2. Source: 
http://ferret.pmel.noaa.gov/SOCAT2_Cruise_Viewer 
 
As in the LDEO database, SOCAT doesn’t include fCO2 recalculated from dissolved 
inorganic carbon, alkalinity or pH (Pfeil et al. 2013). Its data products provide fCO2
sw 
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values at sea surface temperature (fCO2
rec; “rec” indicates recommended fCO2), which 
have been (re-)calculated from the original CO2 values reported by the data provider, 
following a strict calculation protocol described in Pierrot et al. (2009) (Sections 
2.6.1.4. and 2.6.1.5. of this chapter). Recalculations are done whenever possible, 
preferring xCO2 as the starting point, then pCO2, and last fCO2, trying to minimize 
the amount of external data required for the calculations (Bakker et al. 2014). 
Pfeil et al. (2013), Sabine et al. (2013), and Bakker et al. (2014) extensively describe 
the history, data sources, instrumentation, quality control, and products of the 
SOCAT initiative. According to these works, the fCO2
sw values included in SOCAT 
have been measured following two principles: 1) analysis of the CO2 content in an air 
sample in equilibrium with a large volume of seawater (Dickson et al. 2007), or 2) 
calculation of fCO2
sw from the color response of an acid-base indicator dye 
(sulfonephtalein) in contact with seawater across a CO2 permeable membrane. In the 
first principle, CO2 concentration is determined through either gas chromatography 
(Weiss 1981) or infrared analysis (Takahashi 1961). The equilibration of air and water 
is carried out in an equilibrator in a flow-through system (Takahashi 1961, 
Wanninkhof and Thoning 1993, Cooper et al. 1998, Pierrot et al. 2009) combined 
with a non-dispersive infrared detector. 
As SOCAT data come from different sources, they first have to be harmonized for a 
first quality control that identifies outliers and unrealistic values. A second-level 
quality control assigns a quality control flag to each cruise, and a WOCE flag to 
individual fCO2
sw values. Cruise flags provide information on the expected quality of 
fCO2 data in each cruise, and they are based on: an evaluation of the standard 
operation procedures (SOP), the instruments used to measure the data, and the 
expected quality of the recommended fCO2 data (Dickson et al. 2007, Pierrot et al. 
2009, Olsen and Metzl 2010, Pfeil et al. 2013). SOCAT version 2 (Bakker et al. 2014) 
has the added advantage to be divided into regions examined by carbon specialists in 
each area. Based on their evaluations, cruises are categorized as: A, B, C, D, S 
(suspend), or X (exclude) (Olsen and Metzl 2010); only cruises with the first four 
flags are included in SOCAT version 2. A prerequisite for flags A and B is made 
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because seven SOP criteria need to be fulfilled for a cruise to obtain them. Individual 
fCO2 values are then assigned a WOCE flag: 2 (good), 3 (questionable), or 4 (bad).  
Overall, data quality and reporting of metadata has improved in version 2 of 
SOCAT, mainly due to the effort in identifying unrealistic values, suspension of 
previously included datasets due to data quality concerns, and reinstating WOCE 
flags 3 and 4, which were mistakenly reset to flag 2 prior to the release of version 1.5.  
SOCAT has increasingly gained international importance, as evidenced from recent 
scientific articles that use this data product to quantify the ocean carbon sink, study 
different oceanic processes and model the carbon present in the ocean. With the aim 
of extending the SOCAT data record and ensure that new data are promptly made 
available for flux assessments and modeling, updates are regularly being done. Future 
plans include automation so that data providers will be able to upload, review, and 
submit their own data and metadata. 
 
2.2.3.  MBARI dataset 
The MBARI west coast work is part of an ongoing program to determine space and 
time variability of pCO2. It includes data gathered in North, Central and South 
America (Monterey Bay, Mexico, Chile, and the Eastern Tropical Pacific), with 
support of research grants and collaboration with local institutions. The database has 
approximately 1 million observations gathered on 522 cruises, many of them 
corresponding to single day cruises. Most of these belong to the Monterey Bay time 
series, but they also present data collected during CalCOFI (California Cooperative 
Fisheries Investigations) Line 67 cruises, journeys from Monterey Bay to La Paz 
(Baja California), and cruises in the Eastern Tropical Pacific (Figure 2.3). 




Figure 2.3. MBARI coastal cruises along the western coast of the Americas. Monterey Bay is shown 




sw is uniformly gathered using two platforms: shipboard underway xCO2 
measurement systems, and moorings. The measurement systems designed to go 
onboard ships are designed for rapid deployment and semi-autonomous operation. A 
Licor 6262 CO2/H2O analyzer coupled to a membrane gas contactor and a custom 
gas flow control module is used. Data is collected every two seconds and processed 
data is recorded as one minute averages. Calibrations are performed every two hours 
using a zero and two gas standards (0 ppm, near atmospheric ppm, and near 
atmospheric ppm + 100 ppm) that are referenced to six ESRL standards (ranging 
between 240 – 1200 ppm). Atmospheric pCO2 is measured once every hour. 
The other platform used by MBARI to measure xCO2
sw is located in moorings, 
where measurements are made hourly with infrared CO2 analyzers. These systems 
measure absolute atmospheric and sea surface xCO2. Deployments usually last one 
year at sea, and data are delivered hourly to shore via packet radio or satellite links. 
MBARI CO2 dataset is available as xCO2. 
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2.2.4.  The DYBAGA and ECO cruises 
The DYBAGA Project (Dynamics and Biogeochemical variability on the Galician 
continental shelf at short-scale) was a multidisciplinary project that studied the 
weekly variability of oceanographic processes occurring along the coastal platform 
throughout a year. These cruises were carried out along across-shore sections on the 
Galician continental shelf (Figure 2.4). During a complete seasonal cycle, from May 
2001 to May 2002, one transect was sampled weekly, giving a total of 46 transects 
(Cobo-Viveros et al. 2013). 
 
Figure 2.4. DYBAGA cruises on the Ría de Vigo. 
 
The ECO cruises (Evolution of CO2 increase using ships of Opportunity: Galicia 
and Bay of Biscay, Figure 2.5) were carried out on board ships of opportunity from 
the Company Flota Suardíaz (RO-RO L’Audace and RO-RO Surprise) in a regular 
route that linked Vigo (Spain) and St. Nazaire (France). Throughout two entire 
seasonal cycles, between December 2002 and December 2004, 145 tracks were 
sampled over the Galician continental shelf with a frequency of around 10 transects 
per month (Padín Álvarez 2009). 




Figure 2.5. ECO cruises on the Galician continental shelf. 
 
Underway measurements of xCO2
sw, SSS, and SST were collected using an 
autonomous homemade device called GASPAR. A volume of ocean water is 
pumped from 3 m below the waterline into a cooling water tank and then into the 
GASPAR. This volume of water has a high flow rate in order to keep water warming 
along the pipe length below 1ºC. The GASPAR equilibrates the continuous water 
flow with that of the headspace through the combination of bubble and laminar 
flow. 
xCO2 measurements were made with a non-dispersive infrared gas analyzer (Licor 
LI-6262) that was calibrated at the beginning and end of each transit (which usually 
took 24 h) using two CO2 gas standards: a synthetic CO2-free air and a high CO2 
standard of ~375 ppm in synthetic air. The Instituto Meteorológico Nacional (Izaña, 
Canary Islands), belonging to the NOAA-ESRL Global Monitoring Division, 
certified the CO2 concentration in both standards. Data reduction and fCO2
sw 
calculation from raw data was carried out following the recommendations of 
Dickson et al. (2007) with the exception of just using two gas standards. fCO2
sw 
calculation was referenced to saturated water vapor pressure using in situ atmospheric 
pressure readings. The fCO2 values were then corrected for the seawater temperature 
increase that occurs while the sample travels from the hull’s inlet into the 
equilibration chamber. The temperature was tracked with platinum resistance 
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thermometers and then the empirical equation proposed by Takahashi et al. (1993) 
was applied (Equation 2.11, Section 2.6.1.5. ). 
The underway measurements during these projects were initially logged with 
different frequencies, but were later averaged every 5 min cycle in order to 
homogenize the dataset. The ETOPO2v2 bathymetry (National Geophysical Data 
Center et al. 2006) was used for merging depth records using two-dimensional linear 
interpolation functions of every measurement. After applying all of these selection 
criteria, a final DYBAGA and ECO dataset comprising 348 and 1608 observations 
respectively, was obtained. 
 
2.3.  Wind speed 
In situ wind measurements on ships are the preferred option when it comes to CO2 
flux calculations. However, the ships hull distorts air flow at anemometer sites and 
introduces biases into measured wind speeds (Griessbaum et al. 2010) that are 
difficult to quantify. Reports of surface wind by ships are often: a) poorly accurate, b) 
cover only very limited regions of the world’s oceans, and c) occur at irregular 
intervals in time and space (JPL 2009). Records from meteorological buoys would be 
preferred as well because they have higher accuracy, but they have an extremely 
sparse coverage (JPL 2009) and their measurements not always coexist in space and 
time with the pCO2
sw measurements used in flux calculations (Otero et al. 2013). 
Because of this, model or satellite derived winds come in handy due to their synoptic 
nature and uniformity (Otero et al. 2013). These derived winds have pros and cons: 
satellite-derived winds have finer spatial resolution when compared to reanalysis 
products, but they are also subject to land masking issues that limit their accuracy in 
retrieving coastal winds (Otero et al. 2013). Reanalysis models have broad coverage 
and high temporal resolution, but they were developed to provide weather forecast 
over land regions and thus minor efforts have been done to prove their skill over the 
ocean and coastal regions (Otero and Ruiz-Villarreal 2008). However, these model-
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derived winds seem to be a good choice in coastal regions because they are not 
subject to land-contamination. 
The wind product used in Chapter 3 was retrieved from a global reanalysis 
meteorological model (NCEP/NCAR Reanalysis 1 Project), and the ones used in 
Chapters 4 and 5 are satellite-derived (NCDC Blended Sea Winds and CCMP, 
respectively). 
 
2.3.1.  The NCEP/NCAR Reanalysis I Project 
The NCEP/NCAR initiative began in 1991 as a joint project between the National 
Centers for Environmental Prediction (NCEP) and the National Center for 
Atmospheric Research (NCAR). The goal of this joint effort is to use a frozen state-
of-the-art analysis/forecast system to produce new atmospheric analyses, perform 
data assimilation using historical data from 1948 to the present, and produce analyses 
of the current atmospheric state. Furthermore, the frozen analysis/forecast system 
can be used to continue to perform data assimilation in the future so that climate 
researchers can assess whether current climate anomalies are significant when 
compared to a long reanalysis without changes in the data assimilation system 
(Kalnay et al. 1996). 
Data collection was done mostly at NCAR using all data available for the original 
operational NCEP analyses. Multiple datasets are used in the reanalysis processes: 
Comprehensive Ocean-Atmosphere Data Set (COADS) surface marine data, aircraft 
data, surface land synoptic data, satellite sounder data, Special Sensing 
Microwave/Imager (SSM/I) surface wind speeds, and satellite cloud drift winds.  
The NCEP/NCAR Reanalysis I Project consists of 6-hourly, daily and monthly 
globally gridded datasets covering the time period from 1948 to the present. It has a 
spatial resolution of ~2.5º in latitude and longitude (Kalnay et al. 1996). The 
NCEP/DOE (Department of Energy) Reanalysis II Project is an updated version 
covering data from 1979 to the present with newer physics features and improved 
data processes (Kanamitsu et al. 2002), but it is still a first generation reanalysis that 
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doesn’t work as well as the Reanalysis I Project in the study area covered in Chapter 
3 of this manuscript. 
The NCEP/NCAR database was also used to retrieve sea level pressure data (slp) 
whenever atmospheric pressure measured by the ships barometer failed to record 
data (slp is needed to calculate pCO2
atm, and the latter to calculate fCO2
atm). Skin 
temperature (skt) was recovered as well in order to cross-check with temperature data 
logged at our times of observations (temperature is required to calculate CO2 
solubility). k, pCO2
atm and solubility are further used in the CO2 flux calculations as 
will be explained in section 2.7.  
 
2.3.2.  The NCDC Blended Sea Winds Database 
The National Climatic Data Center (NCDC) Blended Sea Winds database consists of 
a 6-hourly gridded global dataset of ocean surface wind vectors, with a spatial 
resolution of 0.25° in latitude and longitude (Zhang et al. 2006). Wind speeds are 
produced by blending observations from multiple satellites, such as the microwave 
radiometers on the several SSM/I missions (SSM/I F08, F10, F11, F13, F14, F15, 
and F17), the Quick Scatterometer (QuikSCAT), the Tropical Rainfall Measuring 
Mission Microwave Imager (TRMM-TMI), and the Advanced Microwave Scanning 
Radiometer of NASAs Earth Observing System (AMSR-E) (Zhang et al. 2006). By 
blending multiple satellite observations, it is possible to fill the data gaps of each 
individual satellite both in time and space, allowing the construction of an ocean 
surface wind database that spans from 1987 to the present in near real-time. 
This database has good coverage and a higher resolution in the area studied in 
Chapter 4, which is why we preferred it instead of the one used in Chapters 3 and 5. 
 
56 CAPÍTULO 2. MATERIALES Y MÉTODOS 
 
 
2.3.3.  The CCMP Database 
In the latest years, winds derived from the Cross Calibrated, Multi-Platform Ocean 
Surface Wind Velocity (CCMP) project (Atlas et al. 2011) have become extensively 
used. This database contains 6-hourly high-resolution (0.25º) cylindrical coordinate 
gridded analysis between July 1987 and June 2008 (available at 
http://podaac.jpl.nasa.gov). CCMP was created using a Variational Analysis Method 
(VAM) that combines wind measurements from microwave radiometers (i.e. SSM/I, 
SSMIS, AMSR-E, TRMM TMI, and WindSat) and scatterometers (i.e. SeaWinds on 
QuikSCAT) with in situ measurements and a starting estimate (first guess) of the 
wind field, obtained during our study period from the European Center for Medium-
Range Weather Forecasts (ECMWF) Operational Analysis. All wind observations 
and analysis fields are referenced to a 10-meter height. For our study, we selected the 
L3.0 first-look analysis product to linearly interpolate wind speeds for our study 
period and locations. 
 
2.4.  Salinity, Temperature, Oxygen and Nutrients 
Sea surface salinity (SSS) and temperature (SST) for the DYBAGA and ECO cruises 
were measured using a thermosalinograph (SBE-45-MicroTSG) connected to the 
same uncontaminated seawater supply (in parallel with the CO2 measuring system), 
and recorded underway SST and SSS during the cruises, with accuracies of ±0.002°C 
and ±0.003 respectively. 
At MBARI, SSS is recorded using a SeaBird Electronics Thermosalinograph (SBE 
21), which is part of the underway system. SST is measured with temperature sensors 
that are cross-calibrated with the SBE 21 temperature probe with an accuracy of ± 
0.01 ºC. 
Whenever the thermosalinographs failed to supply temperature and salinity data, 
these were taken from the 2009 version of the World Ocean Atlas (WOA).  
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2.4.1.  WOA, the World Ocean Atlas 
The World Ocean Atlas (WOA) is a data product of the Ocean Climate Laboratory 
(OCL) of the National Oceanographic Data Center (NODC-NOAA). The first 
edition was produced in 1994 (WOA94) with later editions at ~4-year intervals: 1998 
(WOA98), 2001 (WOA01), 2005 (WOA05), 2009 (WOA09), and 2013 (WOA13). 
The available atlas at the time the database for this thesis was put together was 
WOA09. The oceanographic data that comprise this database were acquired through 
sources that included individual scientists and projects such as the JGOFS, the 
Global Ocean Ecosystem Dynamics (GLOBEC), the International Council for 
Exploration of the Sea (ICES), Volunteer Observing Ship (VOS) Programs, the 
NOAA Ship-of-Opportunity Program (NOAA-SOOP), and underway CO2 (Boyer 
et al. 2009).  
The fields that make up the WOA dataset consist of objectively analyzed global grids 
at 1º latitude-longitude spatial resolution. In WOA09, fields are three-dimensional 
and the data were typically interpolated onto 33 standardized vertical intervals from 
the surface (0 m) to the abyssal seafloor (5500 m). In terms of temporal resolution, 
averaged fields are produced for annual, seasonal and monthly time-scales.  
This climatology of in situ world ocean properties is defined as mean oceanographic 
fields at selected standard depth levels, based on the objective analysis of historical 
oceanographic profiles and select surface-only data (Locarnini et al. 2010). 
Temperature and salinity climatologies are the average of “decadal” climatologies 
from 1955, while oxygen and nutrient climatologies use all available data regardless 
of year of observations (“all-data” climatology) (Locarnini et al. 2010). In order to 
put together “all-data” climatologies, calculations use all data regardless of the study 
period (month, season or year) in which the observation was made.  
The WOA09 fields used in this thesis are ocean temperature (Locarnini et al. 2010), 
salinity (Antonov et al. 2010), Apparent Oxygen Utilization (AOU) (Garcia et al. 
2010a), and nitrate (NO3) (Garcia et al. 2010b).  
58 CAPÍTULO 2. MATERIALES Y MÉTODOS 
 
 
2.5.  Chlorophyll-a 
2.5.1.  The GlobColour Project 
GlobColour is a project from the European Space Agency (ESA) that started in 
2005. It contributes to the worldwide dynamic for ocean color data merging (Barrot 
et al. 2010). GlobColour provides scientists with a long time series (>10 years) of 
consistently calibrated global ocean color information distributed in daily, 8-day and 
monthly data sets at 4.6 km resolution for chlorophyll-a concentration (Fanton 
d’Andon et al. 2008). The database is produced by merging data from the three most 
capable sensors: the Medium Resolution Imaging Spectrometer Instrument (MERIS) 
aboard ESA’s Environmental Satellite (ENVISAT), the Moderate Resolution 
Imaging Spectrometer (MODIS) on NASAs Aqua Earth Observing System (EOS) 
mission, and the Sea-viewing Wide Field of view Sensor (SeaWiFS) on board 
GeoEye’s OrbView-2 mission (Fanton d’Andon et al. 2008). The immediate result of 
this project is that it combines these data streams in such a way that the output 
product is as far as possible independent of the input data source. 
We retrieved Chlorophyll-a I (CHLI) from the GlobColour database to use as a 
proxy for biological activity in Chapter 3. CHLI is a parameter for chlorophyll-a 
concentration (mg/m3) for case I water (clear oceanic waters) generated by three 
merging techniques: simple averaging (AV), weighted averaging (AVW) and the 
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2.6.  The Inorganic Carbon System in the ocean 
CO2 plays an important role in determining the carbonate chemistry of seawater. As 
CO2 concentrations increase in the atmosphere, they do so in the ocean; and it is 
here where CO2 reacts (dissolves) with water to create a dilute acid known as 
carbonic acid (H2CO3). H2CO3 in turn dissociates and creates a proton (H
+). 
!"! + !!! ↔ !!!"! ↔ !"#!! + !!   Equation 2.1. 
H+ likes to bind to carbonate ions (!"!!!), turning them into bicarbonate (!"#!!). 
!! + !"!!! → !"#!!    Equation 2.2. 
The net effect of this process is that pH and !"3−2 ion concentrations decrease as 
CO2 increases in the solution (Figure 2.6). As !"3−2  ions are important for 
calcification, any decrease in their concentrarion makes calcification much more 
difficult, which is problematic for organisms that depend on carbonate to make their 
shells or skeletons. 
 
Figure 2.6. Relationships between atmospheric CO2 buildup and coral calcification slowdown due to 
ocean acidification. The ocean has taken up between ~25% (Canadell et al. 2007) and ~30% (Le 
Quéré et al. 2010, Rhein et al. 2013) of the CO2 emitted by humans, where it combines with water to 
produce carbonic acid, releasing a proton that, in turn, combines with a carbonate ion. This decreases 
carbonate concentration, making it unavailable for marine calcifiers such as corals. Source: Hoegh-
Guldberg et al. (2007). 
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2.6.1.  Variables of the CO2 system 
The CO2 system in seawater is characterized by four measurable parameters: Total 
Alkalinity (TAlk), Total CO2 (TCO2, i.e. the sum of dissolved CO2, !"!!! and !"#!!), 
pH, and partial pressure of CO2 (pCO2). TAlk and TCO2 are independent of 
temperature and pressure, but pCO2 and pH are not. CO2 exchange affects the 
various carbon parameters to differing degrees, ranging from the very sensitive pCO2 
to TAlk, which is not affected by gas exchange (Dickson et al. 2007). Because of the 
relative consistency of the chemical constituents of seawater, it is generally accepted 
that only two of the four measurable parameters are needed together with 
temperature, salinity, pressure, other constituents of seawater and the relevant 
equilibrium constants, to have a complete description of the system and determine 
the other two parameters (Lewis et al. 1998, Dickson et al. 2007). However, Dickson 
et al. (2007) advise that, whenever possible, it is better to measure more than two 
parameters on any given sample, and use the redundancy to confirm that the 
measurements fit the understanding of the thermodynamics of acid-base processes in 
seawater. In other words: test the internal consistency of the system. 
 
2.6.1.1.  Total dissolved inorganic carbon (TCO2) 
The total dissolved inorganic carbon in a seawater sample can be measured directly 
by acidifying the sample, extracting the CO2 gas that is produced and measuring its 
amount. It is defined as: 
!"#! = !"!∗ + !"#!! + !"!!!    Equation 2.3. 
where brackets represent total concentrations of these constituents in solution (in 
mol kg-1) and !"!∗  represents the total concentration of all unionized carbon 
dioxide, present as H2CO3 or as CO2 (Dickson et al. 2007). 
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2.6.1.2.  Total Alkalinity (TAlk) 
The total alkalinity of a sample of seawater is defined as the number of moles of the 
hydrogen ion equivalent to the excess of proton acceptors (bases formed from weak 
acids with a dissociation constant of K≤10-4.5 at 25ºC and zero ionic strength) over 
proton donors (acids with K<10-4.5) in 1 kg of sample (Dickson 1981): 
TAlk =!"#!! + 2 !"!! + ! !" !! + !"! + !"#!!! + 2 !"!!! + !"# !" !! +!"! + !"! +⋯− !! ! − !"#!! − !" − !!!"! −⋯       Equation 2.4. 
Brackets represent the total concentration of these constituents in solution, !! ! !is 
the free hydrogen ion concentration, and “…” stands for additional minor acid or 
base species that are either unidentified or present in such small amount that they 
can be safely neglected. 
 
2.6.1.3.  pH 
There are four pH scales in seawater that differ in the nature of the buffer solutions 
used for calibration:  
The NBS (National Bureau of Standards) pH scale is defined by a series of standard 
buffer solutions with pH values close to the actual pH in seawater. It is defined as !"!"# = − log !!!, where a is the activity of the hydrogen ion (Johnson et al. 1977).  
The free pH scale is related to the concentration of free hydrogen ions in seawater, 
defined as !"! = − log !! ! (Bates 1975). It is the more intuitive pH scale because it 
is defined only by the H+ concentration. 
The total hydrogen ion pH scale accounts for the dissociation of bisulfate ions (!"#!!), 
avoiding the definition of the !"#!! dissociation constant, whose accurate value is 
difficult to obtain in seawater. It was defined by Hansson (1973) as !"! = −log !! ! ∙ 1 + !"!!! !! ≈ − log !! ! + !"#!! = − log !! ! . 
The seawater pH scale (Dickson and Riley 1979) includes the dissociation reaction for 
hydrogen fluoride (HF), besides !"#!! . It is defined as: !!"!"! = −log !+ ! ∙
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1 + !"4−2 !! + !− !! = −log !+ ! + !"#4− + !" = − log !+ !"! . The two 
analysis techniques used to precisely measure pH in seawater are potentiometric 
methods with electrodes, and spectrophotometric methods with an indicator (Velo et 
al. 2010). The potentiometric methods were used more frequently in the past, but 
errors associated to electrode drift and variation in the potential of diffusion have 
made the oceanographic community to prefer spectrophotometric methods in the 
recent years (Clayton and Byrne 1993). 
 
2.6.1.4.  Partial pressure of CO2 (pCO2) 
The pCO2 in air that is in equilibrium with a sample of seawater is defined as the 
product of the mole fraction of CO2 (xCO2) in the equilibrated gas phase and the 
total pressure (P) of equilibration: 
!"#! = !"#! ∗ !    Equation 2.5. 
However, the air inside the equilibrator is assumed to be at 100% humidity, whereas 
it is dry when measured inside the analyzer. For this reason, a correction using the 
water vapor pressure is applied to the dry mole fraction measured (!"#!!!"#$!"# ), and is 
given by 
!"#! !!"#$!"# = !"#! !!"#$!"# ∗ !!"#$ − !"!! !!!,!!"#$  Equation 2.6. 
where !"!!  is the water vapor pressure at the SSS and temperature of the 
equilibrator (!!"#$) (Pierrot et al. 2009). As stated earlier, pCO2 is a temperature 
dependent property, so it is important to record !!"#$ at the time of measurement 
(Dickson et al. 2007). !!"#$ is the pressure inside the equilibrator. 
The equation recommended to calculate water vapor pressure (in atm) is the one 
from Weiss and Price (1980): 
!"!!(!,!) = exp 24.4543 − 67.4509 100 ! − 4.8489!" ! 100 − 0.000544!  
Equation 2.7. 
where S and T are the salinity and temperature (in K), respectively. 
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2.6.1.5.  Fugacity of CO2 in equilibrium with a seawater sample (fCO2) 
The fCO2 is the fugacity of CO2 in air that is in equilibrium with a water sample at a 
known pressure and temperature. fCO2 is not the same as pCO2 because it takes into 
account the non-ideal nature of CO2. fCO2 in air is about 0.3% to 0.4% lower than 
pCO2 (Weiss 1974, Lewis et al. 1998). When equilibrium is reached inside the 
equilibrator, fCO2 in the headspace gas is proportional to the concentration of CO2 
in the circulating seawater, according to Henry’s law (Pierrot et al. 2009). The 
fugacity is given by: 
!"#! !!"#$!"# = ! !"#! !!"#$!"# × exp ! !"!,!!"#$ !! !! !"#! !!"#$!"# !×! !"!,!!"#$ ×!!"#!×!!"#$  
Equation 2.8. 
Where !!"# is the atmospheric pressure (in atm), ! = 82.0578 cm3 atm mol-1 K-1, and ! !"!,!!"#$  and ! !"!,!!"#$  are the virial coefficients for CO2 (Weiss 1974). ! !"!,!!"#$  
in cm3 mol-1 is given by: 
! !"!,!!"#$ = −1636.75 + 12.0408! − 3.27957×10!!!! + 3.16528×10!!!!          Equation 2.9. 
And ! !"!,!!"#$ ! in cm3 mol-1 by 
! !"!,!!"#$ = 57.7 − 0.118!   Equation 2.10. 
A correction is then applied to Equation 2.8 in order to compensate for the 
difference in temperature between the equilibrator and the sea surface (Pierrot et al. 
2009). The empirical correction of Takahashi et al. (1993) was determined for 
isochemical conditions, which makes it more appropriate for this correction (Pierrot 
et al. 2009). 
!"#! !!"!"# = !"#! !!"#$!"# !"# 0.0423 !!" − !!"#$   Equation 2.11. 
where SST is the sea-surface temperature in the same units as !!"#$. 
The empirical temperature dependence varies with TAlk and TCO2, but the 
variations are relatively small over the TAlk and TCO2 range of the open ocean and 
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will introduce a small uncertainty for temperature differences of less than 1K, as is 
generally the case (Pierrot et al. 2009). 
 
2.7.  CO2 Flux calculation 
The accurate estimation of net CO2 fluxes through the sea-air interface (FCO2) is a 
priority for the marine carbon community, aimed at reducing uncertainties in the 
global carbon budget. The direction of the net CO2 transfer is governed by the sea-
air pCO2 gradient; the magnitude of the net sea-air CO2 flux may be expressed as a 
product of the sea-air pCO2 difference and the CO2 gas transfer velocity, which is 
usually parameterized as a function of wind speed. The flux values thus estimated 
depend on the wind field used and the formulation for the wind-speed dependence 
on the gas transfer velocity (Takahashi et al. 2002). 
The net sea–air CO2 flux across the sea surface, F, can be estimated as follows: ! = ! ∙ ! ∙ ∆!!"!    Equation 2.12 
where k is the CO2 gas transfer velocity (cm h
-1, estimated from wind speed) and S is 
the solubility of CO2 in seawater (mol kg
-1 atm-1) calculated from Weiss (1974). The 
difference between pCO2
sw and atmospheric pCO2 (pCO2
atm) (∆pCO2) is the 
thermochemical driving potential for the net CO2 transfer across the sea surface 
(Takahashi et al. 2009). Over the global oceans, the seasonal and geographical 
variation of pCO2
sw is much greater than that of pCO2
atm, and hence the sea-air CO2 
disequilibrium is mainly regulated by pCO2
sw (Takahashi et al. 2002). Therefore, the 
interannual and seasonal variability of pCO2
sw is of particular interest (Takahashi et al. 
2013). 
A negative flux means that the ocean is absorbing atmospheric CO2 (ocean acts as a 
sink), while a positive flux means that it is emitting CO2 to the atmosphere (ocean 
acts as a source). The gas transfer coefficient depends primarily on the degree of 
turbulence near the interface (Takahashi et al. 2009), and nowadays it represents the 
highest source of uncertainty in the CO2 flux calculations. The calculation of k varies 
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between studies (see Annex B), but measurements from mass-balance techniques 
seem to converge at a quadratic wind speed dependence (Wanninkhof 1992, Sweeney 
et al. 2007, Wanninkhof et al. 2009, Park et al. 2010), agreeing with estimates from 
14C inventories. In the present thesis we use the quadratic parameterization of 
Wanninkhof (1992). 
The quadratic dependence of gas exchange on wind speed proposed by Wanninkhof 
(1992) was obtained from observations in wave tanks and from the bomb-14C global 
inventory methods. This k is expressed in two different ways depending on the type 
of wind used: for measured or short-term winds the expression is ! = 0.31 ∙ !!"! ∙!" 660 !!.!; and for averaged or long-term winds the expression is ! = 0.39 ∙ !!"! ∙!" 660 !!.!. u10 is the wind estimated at 10 m above sea level. 
Some authors consider it more important to calculate de CO2 flux from the 
difference in ∆fCO2 because it takes into account the non-ideal nature of CO2 (as in 
Chapters 3 and 5 of this thesis), but there are others that calculate it based on 
dissimilarities in ∆pCO2 (as in Chapter 4 of this thesis). The difference in calculating 
CO2 fluxes using either variable is negligible, because fCO2 is normally ~2 µatm less 
than pCO2; what matters is the CO2 gradient difference between the ocean and the 
atmosphere. 
There is no actual consent between international CO2 databases, or research 
institutions, on what variable to report (i.e. LDEO and MBARI store their data as 
pCO2, while SOCAT does so as fCO2. DYBAGA and ECO recorded their data 
initially as xCO2, although further analyses calculated pCO2 and fCO2). The way to 
solve this initial problem goes thorough the precise definition of the stored variables, 
and standard operation procedures and manuals on how to perform accurate 
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 “[...] A esta fala popular, viva e gloriosa, os imperialistas chámanlle dialecto. Mais eu 
perguntaríalles: “¿Dialecto de que idioma? ¿Do que vós chamades español?”. De ningunha 
maneira, porque o idioma que vós impuxéchedes pol-a forza é un irmán menor do galego. “¿Acaso 
queredes decir que é dialecto do latín?”. Pois entón chamádelle dialecto ao francés, ao italiano, ao 
rumano, porque tamén son fillos do latín e irmáns do galego. 
 
E diríalles máis: Prohibíchedes o galego nas escolas para producir no espirito dos nosos rapaces un 
complexo de inferioridade, facéndolles creer que falar galego era falar mal e que falar castelán era 
falar ben. Espulsáchedes o galego das eirexas, facendo que os representantes de Cristo esplicaran o 
Evanxeo no idioma oficial, que o povo non falaba nin comprendía ben. [...] ¿E de que vós valeu? 
Porque dispois de máis de catro séculos de política asimilista, exercida con toda riqueza de astucias e 
violencias, o noso idioma está vivo. Sodes, pois, uns imperialistas fracasados. 
 
Algúns galegos de boa fé coidan que o cultivo do noso idioma é unha impedimenta de trabajo na 
emigración. Mais eu quero invítalos a meditar: ¿Pensades que a nosa Terra pode seguir sendo un 
criadeiro de carne human, para enviar as Américas en paquetes teutóns? Porque o noso deber está en 
asegurar o dereito ao traballo remunerado, para que ningún irmán noso emigre por necesidade. 
¿Pensades que os galegos poden seguir andando pol-o mundo a ofereceren indignamente a mercancía 
dos seus lombos e dos seus brazos? Porque o noso deber está en armar ao povo d-unha instrución 
primaria, profesional e téinica, que lle permita ser digno en todas partes, i en todas partes atopar as 
ventaxas que se lle oferecen a un inglés, a un alemán... ¿Ou é que na emigración resulta superior un 
castelán a un galego por falar unha língoa máis estensa? A superioridade non está no idioma que se 
fala; está no que se sabe, no que se di e no que se fai [...].” 
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CHAPTER 3.  Short-term variability of surface 
carbon dioxide and sea-air CO2 
fluxes in the shelf waters of the 
Galician coastal upwelling system 
 
3.1.  Abstract 
Using data collected during the DYBAGA and ECO cruises, remote sensing 
chlorophyll-a estimations and the averaged upwelling index of the previous fortnight 
(Iw’), we studied the variability of the sea surface CO2 fugacity (fCO2) over the 
Galician continental shelf during three seasonal cycles. Sea surface salinity (SSS) 
distribution controlled fCO2 mainly in spring, while sea surface temperature (SST) 
did during periods of intense cooling in November and warming in June. The uptake 
of carbon by photosynthetic activity, which was more intense during spring and 
autumn, masked the surface increase of dissolved inorganic carbon concentration 
during upwelling events, especially during spring. A significant low correlation 
between fCO2 and Iw’ was found during spring and summer when upwelling events 
were observed, whereas no relationship was observed during the downwelling period. 
High fCO2 exceeding atmospheric values was only found during the summer 
stratification breakdown. Although sea-air CO2 fluxes showed a marked inter-annual 
variability, surface waters off the Galician coast were net sinks for atmospheric CO2 
in every seasonal cycle, presenting a ~65% lower CO2 uptake compared to previous 
published values. Marked inter-annual changes of the sea-air CO2 fluxes seem to be 
influenced by fresh water inputs on the continental shelf under different 
meteorological scenarios. 
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3.2.  Resumen 
Durante tres ciclos estacionales se estudió la variabilidad superficial de la fugacidad 
de CO2 (fCO2) en la plataforma continental gallega, utilizando datos recogidos 
durante los proyectos DYBAGA y ECO, así como estimaciones de clorofila-a a 
partir de datos satelitales y promedios quincenales del índice de afloramiento (Iw’). 
Los cambios de salinidad controlaron la variabilidad de fCO2 en primavera, mientras 
que la temperatura lo hizo durante el máximo enfriamiento de Noviembre y máximo 
calentamiento de Junio. La captación de carbono por la actividad fotosintética, más 
intensa durante primavera y otoño, enmascaró el incremento superficial de carbono 
inorgánico durante los episodios de afloramiento, especialmente en primavera. Se 
observó una correlación significativa, aunque pequeña, entre fCO2 e Iw’ durante 
períodos de afloramiento, mientras que no se encontró ninguna durante el 
hundimiento. Sólo se encontraron valores de fCO2 superiores a los atmosféricos 
durante la ruptura de la estratificación estival. Aunque el intercambio de CO2 océano-
atmósfera mostró una marcada variabilidad interanual, la plataforma continental 
gallega fue un sumidero neto de CO2 atmosférico. Los valores encontrados son un 
~65% inferiores a otros publicados anteriormente. Estos cambios interanuales 
parecen estar influidos por los aportes de agua dulce en la plataforma continental 
bajo distintas condiciones meteorológicas. 
 
3.3.  Introduction 
Coastal upwellings develop on the eastern margins of subtropical gyres when 
predominant along-shore winds induce the rise of subsurface waters close to coast, 
into the photic layer (Wooster et al. 1976, Tomczak and Godfrey 2004, Arístegui et 
al. 2009). The entrance of cold and nutrient-rich deep waters trigger the high 
phytoplankton production that supports rich coastal marine ecosystems and 
productive fisheries (Pauly and Christensen 1995). Furthermore, the exchange of 
large amounts of organic matter and energy with land, sediment and atmosphere 
(Walsh 1991, Mackenzie et al. 1998, Muller-Karger et al. 2005) makes coastal waters 
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one of the most biogeochemically active areas of the biosphere in terms of sea-air 
CO2 exchange, carbon recycling and offshore exportation. 
Coastal environments are important components of the global carbon cycle, even 
though their role as sinks or sources of CO2 was not well defined in the past, due to 
its strong spatial heterogeneity, temporal variability and relative paucity of the data 
(Borges et al. 2005). The carbon flows in these waters can shift rapidly (Gypens et al. 
2009), making the estimate of sea-air CO2 flux subject to large uncertainties (Borges 
2005, Borges et al. 2005, Chen and Borges 2009). Continental margins were 
described as net sources of CO2 in earlier publications, which were in agreement with 
the large CO2 emissions observed in inner estuaries (Frankignoulle et al. 1998, 
Mackenzie et al. 2000, Gago et al. 2003b). However, this view of the coastal oceans 
changed since the proposal of a “continental shelf pump” by Tsunogai et al. (1999), 
who described a mechanism for the atmospheric CO2 absorption in shallow waters 
of continental shelves. After that, numerous studies reporting continental shelves as 
CO2 sinks outweighed those reporting them as CO2 sources. This diverging view on 
carbon cycling in the coastal oceans was solved by Rabouille et al. (2001), who split 
coastal waters into proximal continental shelves acting as a CO2 source, and distal 
continental shelves as a CO2 sink (Chen and Borges 2009).  
The role of different coastal ecosystems as sinks or sources of atmospheric CO2 
allows reconciling opposing views on carbon cycling in the coastal ocean, but the 
integrated sea-air CO2 flux in the global coastal ocean (estuaries and continental 
shelves) is still not clear. Chen and Borges (2009) recently evaluated these sea-air CO2 
fluxes as scaled estimates from a compilation of CO2 measurements. They showed 
that the integrated sea-air CO2 flux in the global coastal ocean resulted in continental 
shelves absorbing atmospheric CO2 between -0.33 and -0.36 PgC yr
-1; and inner 
estuaries, salt marshes and mangroves emitting up to 0.50 PgC yr-1. Laruelle et al. 
(2010) reported another estimation of sea-air CO2 flux, showing absorption by 
continental shelves (-0.21 Pg C yr−1) close to the reported by Chen and Borges 
(2009), and emission from estuaries (0.27 PgC yr−1) lower than this previous 
estimation. The largest uncertainties of scaling approaches used to estimate the role 
of the continental shelf seas are the availability of CO2 data that describe the spatial 
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variability in the region and that capture relevant temporal scales. At present, the lack 
of sufficient data is the major limitation in the quantification of the spatial and 
temporal variability of CO2 fluxes in the different coastal environments. 
The Galician coast is located in the northern limit of the Canary Current Upwelling 
System, in the subtropical gyre of the North Atlantic Ocean (Wooster et al. 1976, 
Arístegui et al. 2004). The upwelling pattern in the Galician coast is marked by a 
strong seasonality (Wooster et al. 1976, Fraga 1981, Frouin et al. 1989, Pingree and 
Le Cann 1990, Bakun and Nelson 1991, Haynes et al. 1993) due to marked seasonal 
changes in wind stress determined by the Azores High and Icelandic Low pressure 
systems. Upwelling events are commonly observed during spring-summer by the 
predominance of northeasterly winds (Blanton et al. 1984). The offshore zonal 
Ekman transport of surface waters produces the rise of cold, nutrient-rich, deep 
water mass called Eastern North Atlantic Central Water (ENACW) (Ríos et al. 1992). 
During these upwelling events, upwelling filaments of surface water extending 
westward also occur on the shelf waters to the south of Cape Finisterre (Álvarez-
Salgado et al. 1993, Haynes et al. 1993, Barton et al. 2001, Borges and Frankignoulle 
2001). These filaments are major routes of primary production exportation of shelf 
waters of the Rías Baixas, because they provide a mechanism through which organic 
material produced in shelf waters is transported hundreds of kilometers offshore into 
the ocean (Álvarez-Salgado et al. 2001). Although these filaments seem to be 
oligotrophic and relatively unproductive systems, they act as a stronger net sink for 
atmospheric CO2 than the surrounding offshore waters (Borges and Frankignoulle 
2001). 
Although winter upwelling is sometimes observed in this area (Alvarez et al. 2009), 
the usual northward winds occurring in this season force the coastal downwelling of 
surface waters (Blanton et al. 1984). This season is also characterized by a poleward 
undercurrent of warm and salty waters of subtropical origin (Fraga et al. 1982), called 
Iberian Poleward Current (IPC), that flows clearly constrained to the Iberian shelf 
break (Frouin et al. 1989). Moreover, run-off from local rivers contributes to the 
presence of river plumes over the shelf, which varies in fast response to wind event 
variability (Otero et al. 2008). This wind event variability, along with the 
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development of filaments, eddies, the IPC and river plumes, turn the Galician coast 
into a region with variable physical processes with high rates of primary production. 
Furthermore, the absence of a shallow oxygen minimum zone, present in the 
upwelling systems of the Pacific and Indian Oceans, does not lead to excess of 
dissolved inorganic carbon (Friederich et al. 2008) in subsurface waters, thus 
avoiding an intense release of CO2 during the upwelling events.  
High absorption rates of CO2 ranging from -0.09 (during late autumn) to -0.51 molC 
m-2 yr-1 (during spring) have been previously found for the Galician continental shelf 
(Pérez et al. 1999). During summer upwelling events, the continental shelf behaved 
as a marginal source of CO2, with emission values of 0.10 molC m
-2 yr-1 (Pérez et al. 
1999). On the contrary, Borges and Frankignoulle (2001) reported values ranging 
from -0.66 to -1.17 molC m-2 yr-1 for the Galician continental shelf at the end of 
August. During the upwelling season, Borges and Frankignoulle (2002b) computed 
CO2 sea-air fluxes over the Galician continental shelf in the range of -0.84 to -1.72 
molC m-2 yr-1. The oceanic zone off the Ría de Vigo also acted as a CO2 sink during 
the upwelling period with values between -0.27 and -0.48 molC m-2 yr-1, and only 
released CO2 in October (Gago et al. 2003b). CO2 in surface waters is mainly 
controlled by the input of upwelling deep cold waters with high CO2 content, 
primary production (Borges and Frankignoulle 2002b), vertical advection, turbulent 
diffusion and net ecosystem production of organic carbon components (Gago et al. 
2003a). 
In order to improve the description of this particular typology of continental shelf 
seas, we studied the variability of CO2 observed in surface waters of the Galician 
continental shelf during three complete seasonal cycles. This database allowed us to 
have a broader view of the temporal variability of annual net sea−air CO2 flows on 
the Galician continental shelf. The main aims are to improve estimates of spatial and 
temporal variability of the sea-air CO2 fluxes, and to understand how natural drivers 
in a coastal upwelling affect these processes. 
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3.4.  Materials and Methods 
3.4.1.  The DYBAGA and ECO cruises 
Underway measurements collected during the DYBAGA (Dynamics and 
Biogeochemical variability in the Galician continental shelf at short-scale) and ECO 
(Evolution of CO2 increase using ships of Opportunity: Galicia and Bay of Biscay) 
oceanographic cruises were gathered in this article (Figure 3.1). The DYBAGA 
cruises were carried out along an across-shore section in the Galician continental 
shelf. During a complete seasonal cycle, from May 2001 to May 2002, one transect 
was weekly sampled, giving a total of 46 transects. The ECO cruises were carried out 
on board ships of opportunity from the Company Flota Suardíaz (RO-RO L’Audace 
and RO-RO Surprise) in a regular route that linked Vigo (Spain) and St. Nazaire 
(France). Throughout two entire seasonal cycles, between December 2002 and 
December 2004, 145 tracks were sampled over the Galician continental shelf with a 
frequency of around 10 transects per month. 
 
Figure 3.1. Map of the Galician continental shelf, showing the DYBAGA (grey points) and ECO 
(black points) cruise tracks. The Rías of Vigo, Pontevedra, and Arousa are shown, as well as the Miño 
River. Schematic circulation in the area during typical upwelling (spring and summer; light grey) and 
typical downwelling (autumn–winter; black) seasons is indicated. Note that a typical season is a 
simplification and the system is subject to event variability that can dominate the response of the 
system (Ruiz-Villarreal et al. 2006). The black arrow heading northwards during autumn-winter 
represents the Iberian Poleward Current (IPC). The light grey arrows heading southwards during 
spring-summer represent the equatorward shelf-slope currents. 
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Underway measurements of seawater CO2 molar fraction (xCO2
sw), sea surface 
salinity (SSS) and temperature (SST) were collected using an autonomous homemade 
equipment called GASPAR (see detailed description in Padin et al. (2010). The 
device worked by pumping a water volume from 3 m below the waterline into the 
ship’s hull; this volume was bifurcated so it passed through a sea-air equilibrator 
system. A thermosalinograph (SBE-45-MicroTSG) was connected to the same 
uncontaminated seawater supply, in parallel to the CO2 measuring system, and 
recorded underway SST and SSS during the cruises with accuracies of ±0.002°C and 
±0.003 respectively. Measurements of the CO2 molar fraction were made with a non-
dispersive infrared gas analyzer (Licor, LI-6262), which was calibrated at the 
beginning and at the end of each transit (which usually took 24 h) using two CO2 gas 
standards: a synthetic free-CO2 air and a high CO2 standard of ~375 ppmv in 
synthetic air. The National Meteorological Agency (Agencia Estatal de Meteorología 
– AEMET, Izaña, Canary Islands), belonging to the NOAA-ESRL Global 
Monitoring Division, certified the CO2 concentration in both standards. Data 
reduction, seawater CO2 fugacity (fCO2) calculation from raw data (with the 
exception of just using two gas standards) referenced to saturated water vapor 
pressure using in situ atmospheric pressure readings, were done following the 
recommendations of Dickson et al. (2007). The fCO2 values were then corrected for 
the seawater temperature increase that occurs while the sample travels from the hull’s 
inlet into the equilibration chamber. This temperature shift was usually <1ºC. The 
temperature tracking was done with platinum resistance thermometers and then 
applying the empirical equation proposed by Takahashi et al. (1993). 
The underway measurements during these projects were initially logged with 
different frequencies, but were later averaged every 5 min cycle in order to 
homogenize the dataset. Surface observations measured between the 60 and 200 m 
isobaths were selected. The ETOPO2v2 bathymetry (National Geophysical Data 
Center et al. 2006) was used for merging depth records using two-dimensional linear 
interpolation functions of every measurement. After applying all of these selection 
criteria, a final DYBAGA and ECO dataset comprising 348 and 1608 observations, 
respectively, was obtained. Finally each cruise was averaged in order to obtain a mean 
value of each track crossing the continental shelf. 
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Remotely sensed chlorophyll-a (chl a) was included in the DYBAGA and ECO 
dataset as a proxy of the photosynthetic activity. Weekly fields of chl a, with a spatial 
resolution of 1/24º at the equator (~4.63 km) and a frequency of 8 days (which were 
continuous starting from the first day of each calendar year), were retrieved from the 
GlobColour global level-3 binned products (www.globcolour.info). The chl a 
selected product was generated from the GSM model (Maritorena and Siegel 2005), 
which provided the best fit to in situ chl a and had the added advantages of providing 
other products (SeaWiFS, MODIS and MERIS) that, compared to each of the 
original data sources, showed enhanced global daily coverage and lower uncertainties 
in the retrieved variables. The GSM model also had the ability to calculate pixel-by-
pixel error bars. Selection criteria for the choice of pixels consisted in considering 
only chl a measurements taken within ±4 days (orbital over-passing) of the ship 
measurement date, and found within ±3.3 km off the cruise track. The number of 
collocated observations of chl a achieved 85% of the 5-minute averages of fCO2 
measurements. 
The upwelling index (Iw), calculated following Wooster et al. (1976) as the estimation 
of the upwelled water flow per kilometer of coast, was added as an ancillary variable: 
!! = − !!"#∙!!∙!!∙!"!!"∙!     Equation 3.1. 
Where ρair is the air density (1.22 kg m-3 at 15ºC), CD is an empirical dimensionless 
drag coefficient (1.4 x 10-3, according to Hidy (1972)); WS is wind speed; ρsw is the 
seawater density (~1025 kg m-3), f is the Coriolis parameter; and Vy is the wind speed 
component parallel to the coast, that is, the meridional component of wind speed 
due to coast orientation. Positive (negative) values of Iw correspond to upwelling 
(downwelling) in the Iberian Upwelling System. Wind speed data were obtained from 
the NCEP/NCAR Reanalysis 1 project maintained by the 
NOAA/OAR/ESRL/PSD at Boulder (Colorado, USA; http://www.cdc.noaa.gov/). 
These data have been widely used for forcing coastal ocean models because of its 
availability, its long and consistent time series and full spatial coverage. We selected 
the NCEP/NCAR Reanalysis 1 project (Kalnay et al. 1996) that, using a state-of-the-
art analysis/forecast system, performs data assimilation using data from 1948 to the 
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present, in order to obtain wind speed in the location of 43ºN-11ºW as a reference 
point of the upwelling events on the Galician continental shelf (Pérez et al. 2010). 
Instead of the corresponding Iw attending to date, an averaged Iw during the previous 
fortnight (Iw’) was preferred due to the more significant influence on the fCO2 
measurements, as was also found with the net production of the community 
(Álvarez-Salgado et al. 2002). 
 
3.4.2.  Estimation of sea-air CO2 exchange 
The CO2 exchange between the ocean and atmosphere (FCO2, in mol m
−2 yr−1) was 
calculated following Equation 2.12. The monthly mean CO2 transfer velocity (k, in 
cm h−1) was calculated using Wanninkhof's parameterization (Wanninkhof 1992) and 
6-hourly estimations of the zonal and meridional components of winds from the 
NCEP/NCAR Reanalysis 1 project (NOAA-CIRES Climate Diagnostics Center, 
http://www.cdc.noaa.gov/); S is the CO2 solubility in seawater (mol kg
−1 atm−1), 
calculated from Weiss (1974); ΔfCO2 is the fCO2 disequilibrium between sea and air. 
The atmospheric CO2 fugacity (fCO2
atm) was estimated from the monthly values of 
atmospheric CO2 molar fraction (xCO2
atm) recorded in meteorological stations of the 
NOAA-ESRL Global Monitoring Division stations. The xCO2
atm measurements were 
linearly interpolated versus latitude from observations at Azores (38.77°N) and Mace 
Head (53.55°N). The final xCO2
atm dataset was then converted to pCO2
atm, 
considering Patm and pH2O (in atm), which was calculated from in situ SST readings 
(Tis, Equations 2.7 and 3.2), according to Weiss and Price (1980) and following 
Pierrot et al. (2009). 
!"#2!"# = !"#2!"# ∙ !!"# − !"2!     Equation 3.2 
pCO2
atm values were then converted to fCO2
atm assuming a decrease of 0.3% from the 
pCO2
atm value (Weiss 1974), due to the non-ideal behavior of carbon dioxide (Gago 
et al. 2003b). 
The measured xCO2
sw data were converted to fCO2 referenced to saturated water 
vapor pressure using in situ atmospheric pressure readings.  
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3.4.3.  Biogeochemical variability and control of fCO2 
The processes controlling fCO2 variability in the Galician shelf are due to several 
factors: thermodynamic control, biological production and respiration, alkalinity 
change, water mixing, or stratification of the water column. The influence of thermal 
and non-thermal processes on the fCO2 variability was evaluated from the approach 
described by Takahashi et al. (2002). Using the well-known temperature control on 
fCO2 of 4.23% ºC
-1 (Takahashi et al. 1993), the impact of thermal (TfCO2) and non-
thermal (non-TfCO2) processes forcing the fCO2 seasonal cycle was estimated based on 
Equation 2.11 from Chapter 2, Section 2.6.1.5 as follows: 
!"#2 = !"#2 ∙ exp 0.0423 !!"!"#$ − !!"!"!−!   Equation 3.3 !"#2 = !"#2!"#$ ∙ exp 0.0423 !!" − !!"!"#$!   Equation 3.4 
where non-TfCO2 denotes the seawater fCO2
 normalized to annual mean SST (SSTmean) 
and TfCO2 represents the effect of SST distribution on the annual mean seawater 
fCO2 (fCO2
mean). In other words, non-TfCO2 represents changes in the total CO2 
concentration, which include effects of the net CO2 utilization, a small amount of net 
alkalinity change due to carbonate production and nitrate utilization, sea–air 
exchange of CO2, and an addition of CO2 and alkalinity by the vertical mixing of 
subsurface waters (Takahashi et al. 2002). 
The analysis of the biogeochemical control of fCO2 variability was extended 
performing multiple linear regressions taking into account all the measured variables. 
However, the statistical analysis was performed on the ΔfCO2 distribution because it 
also takes into account small changes on the fCO2
atm. The correlations between 
ΔfCO2 and the ancillary parameters in the shelf waters were assessed for the four 
seasons: winter (December–February), spring (March–May), summer (June–August) 
and autumn (September–November). 
An empirical algorithm was computed fitting ΔfCO2 values with second-order 
multiple polynomials using SST and chl a observations (Stephens et al. 1995, Ono et 
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al. 2004, Padin et al. 2009), and linear relationships with SSS, WS, Iw’, geographical 
position and depth as independent variables according to Equation 3.5: 
∆!"#! = ∆!"#!! + ! ∙ !"# + ! ∙ !"#$ℎ + ! !!" − !!!" ! + ! ∙ !!! − !!!! +!!!!!! !ℎ!!! ! + ! ∙!"!!!! + ! ∙ !!!      Equation 3.5 
The multiple linear regression coefficients were obtained using a forward stepwise 
method where only significant parameters that accounted for at least 1% of the 
ΔfCO2 variability were included in the algorithm. The µ parameter stands for the 
average value of SST or SSS for the corresponding period (Table 3.2). 
 
3.5.  Results 
3.5.1.  Biogeochemical variability 
The temporal variability of sea surface properties in the continental shelf of the 
Galician coast was analyzed from average values of each DYBAGA and ECO cruise 
that described three complete seasonal cycles from May 2001 to December 2004. 
Furthermore, Iw’ was also included in Figure 3.2 in order to identify the upwelling 
and downwelling favorable wind events. 
The temporal evolution of thermohaline properties showed a marked seasonality 
throughout the sampled period, even though significant differences were also found 
among the three seasonal cycles (Figure 3.2, Table 3.1). The warmest waters were 
found at the beginning of October 2003 (19.6ºC) and the coldest ones in January 
2004 (12.0ºC), setting a temperature range of 7.6ºC throughout the entire sampling 
period. The lowest temperature range (5.1ºC) and mean cold waters (15.3±1.4ºC) 
were found during the first seasonal cycle measured in the DYBAGA cruises. The 
following seasonal cycles sampled during the ECO cruises showed warmer 
temperatures than the ones found during the first seasonal cycle, with the highest 
mean SST found in 2003 (15.8±1.9ºC). The temperature ranges of the ECO cruises 
were 6.8ºC and 7.4ºC. 
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SSS distribution was nearly uniform for the three years (35.15±0.65) with some 
recurrent events of low SSS values during winter and spring (Table 3.1). A SSS 
minimum of 32.48 was measured in February 2004. Although high SSS values were 
observed during summer time as well (Figure 3.2), the most saline waters were found 
in January 2002, with values of 35.98. 
 
Figure 3.2. Biogeochemical variability observed during DYBAGA (May 2001- May 2002) and ECO 
(December 2002 – December 2004) cruises. a) Average upwelling index during the previous fortnight 
(Iw’), which delimits upwelling and downwelling favorable wind events. b) Sea surface temperature 
(SST, light grey circles). c) Sea surface salinity (SSS, white circles). d) Chlorophyll-a concentration (chl 
a; dark grey circles). e) Seawater CO2 fugacity (fCO2, black circles) and atmospheric CO2 fugacity 
(fCO2atm, continuous line). 
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Table 3.1. Average values of sea surface temperature (SST), sea surface salinity (SSS), chlorophyll-a concentration (chl a), seawater CO2 fugacity (fCO2), sea-air CO2 
gradient (ΔfCO2), wind speed (WS), sea-air CO2 fluxes (FCO2) and average upwelling index during the previous fortnight (Iw’) measured in the continental shelf water of 
















(molC m-2 yr-1) 
Iw' 
(m3 km-1 s-1) 
Annual 
DYBAGA 15.3±1.4 35.56±0.20 0.58±0.34 333±17 -34±17 4.9±1.7 -0.78±0.62 -6±774 
ECO 2003 15.8±1.9 35.13±0.33 0.84±0.29 324±24 -45±27 5.8±2.0 -1.38±1.14 -137±572 
ECO 2004 15.4±2.1 35.28±0.41 0.90±0.47 325±20 -47±23 5.8±2.0 -1.44±1.22 192±620 
Winter 
DYBAGA 14.1±0.2 35.82±0.13 0.24±0.16 348±4 -24±5 4.8±1.8 -0.54±0.35 -770±801 
ECO 2003 13.7±0.7 34.88±0.47 0.82±0.23 317±18 -54±19 6.7±2.2 -2.14±1.17 -549±1000 
ECO 2004 13.2±0.6 34.51±0.59 0.70±0.39 317±27 -58±29 7.8±2.2 -3.48±2.31 -52±735 
Spring 
DYBAGA 14.4±1.0 35.44±0.23 0.75±0.27 313±14 -57±15 4.8±1.1 -1.20±0.81 156±483 
ECO 2003 14.4±0.6 34.72±0.65 0.97±0.41 296±12 -76±11 5.5±1.9 -2.47±1.50 -464±689 
ECO 2004 13.9±0.7 35.48 ±0.07 1.42±1.34 316±18 -60±18 5.6±1.5 -1.90±0.68 218±558 
Summer 
DYBAGA 16.4±0.5 35.46±0.07 0.66±0.28 326±8 -37±10 4.5±1.8 -0.83±0.64 347±228 
ECO 2003 17.5±0.9 35.31±0.04 0.75±0.28 331±10 -34±11 4.9±1.4 -0.75±0.35 153±217 
ECO 2004 18.1±0.6 35.55±0.05 0.65±0.22 331±9 -37±9 4.5±1.4 -0.88±0.61 446±402 
Autumn 
DYBAGA 16.3±1.5 35.50±0.09 0.67±0.39 344±18 -14±12 5.7±1.7 -0.53±0.60 34±1101 
ECO 2003 17.5±0.8 35.32±0.15 0.88±0.22 351±10 -14±10 6.4±2.1 -0.54±0.54 24±371 
ECO 2004 16.2±1.0 35.33±0.35 1.13±0.23 340±23 -26±22 5.5±1.3 -0.60±0.90 117±723 
Winter 13.7±0.6 35.07±0.69 0.58±0.35 329±22 -44±23 6.3±2.3 -1.82±1.53 -269±735 
Spring 14.2±0.8 35.31±0.32 0.96±0.51 308±17 -64±17 5.3±1.5 -1.77±1.03 44±558 
Summer 17.4±1.0 35.43±0.11 0.69±0.27 330±9 -36±10 4.6±1.6 -0.82±0.55 327±402 
Autumn 16.7±1.1 35.44±0.22 0.90±0.36 344±18 -21±16 5.8±1.6 -0.56±0.68 67±773 
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Remote sensed measurements of chl a did not show a clear seasonal distribution 
(Figure 3.2). High values of chl a reached an outstanding concentration in May 2004 
(7.72 mg m-3, Figure 3.2); similar values were mainly recorded across two pulses in 
spring and autumn, usually exceeding 2 mg m-3. Minimum values of chl a were 
observed in winter. 
Several general features were shared by every seasonal fCO2 cycle (Figure 3.2). 
Surface waters of the continental shelf showed a general CO2 undersaturation in 
relation to the atmosphere. The minimum value was found in winter 2003/2004 (-
58±29 µatm), while CO2 supersaturation in relation to the atmosphere was found 
only occasionally in autumn and winter. Minimum values were observed during 
spring blooms, followed by a constant increase until autumn. The fCO2 trend closely 
followed the warming of surface waters, even extending beyond the warmer months. 
The lowest fCO2 value (200 µatm) was found in February 2004, and the highest was 
reached at the end of November 2004, when it exceeded the atmospheric value in 
around 17 µatm (Figure 3.2). 
In spite of these similarities, some differences were found in the fCO2 distribution 
throughout the seasonal cycles. During the seasonal cycle described by DYBAGA 
cruises, non-TfCO2 increased in around 67 µatm, from 311 µatm in August 2001, to 
377 µatm in February 2002 (Figure 3.3). During this period, the seasonal cooling 
caused a decrease of the TfCO2 from 357 µatm in October 2001, to 299 µatm in 
March 2002. The thermal control, with a seasonal range of 58 µatm, was similar in 
magnitude to the non-thermal effect on fCO2. However, they were approximately 6 
months out of phase, which makes them partially cancel each other. The effect of 
biological processes vs. thermal control in the Galician shelf waters was estimated as 
the ratio between the seasonal range of TfCO2 and 
non-TfCO2. A value of 0.87 
indicates that over this period, the non-thermal effect exceeded the thermal effect in 
16%. During the second seasonal cycle, biological utilization of CO2 and other non-
thermal processes, shifted fCO2 values by about 55 µatm from 351 µatm in January-
March 2002 to 296 µatm in August 2003. On the other hand, the effect of winter-to-
summer warming on fCO2 is seen on the 
TfCO2 distribution as an increase of around 
83 µatm, from 293 µatm in February 2003 to 381 µatm in August 2003. The 
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comparison of both processes showed a thermal/non-thermal ratio of 1.59, pointing 
out a significant impact of the temperature control. During the last seasonal cycle 
sampled in ECO cruises, non-TfCO2 values showed a decrease of about 67 µatm, 
ranging from 363 µatm in January 2004 to 296 µatm in June 2004. The temperature 
variability in the year 2004 led the TfCO2 distribution from about 292 µatm in 
January, to 366 µatm in June, exceeding in 12% the non-TfCO2 range. Taking into 
account the complete database, thermal processes throughout the three seasonal 
cycles were 16% stronger than non-thermal processes on the fCO2 dynamics in shelf 
waters. 
 
Figure 3.3. fCO2 values normalized to the mean annual temperature (non-TfCO2, black circles) and 
corrected for temperature changes (TfCO2, grey circles). The seasonal variation of fCO2 (continuous 
black line) and the monthly discharge of the Miño River (light grey bars), estimated according to 
Otero et al. (2010), are also shown. 
 
3.5.2.  Sea-air CO2 exchange 
The measurements of CO2 fluxes indicate that the shelf waters of the Galician coast 
were significant net sinks for atmospheric CO2 in every seasonal cycle (Table 3.1, 
Figure 3.4). The DYBAGA cruises showed the minor annual absorption of -
0.78±0.62 molC m-2 yr-1, estimated from a WS value of 4.9±1.7 m s-1. The years 2003 
and 2004 showed analogous annual CO2 absorptions of -1.38±1.14 and -1.44±1.22 
molC m-2 yr-1, respectively, from annual ΔfCO2 averages of -45±27 and -47±23 µatm, 
respectively, and similar wind speed (WS) values of 5.8±2.0 m s-1. The highest 
seasonal absorption was estimated in winter 2003/2004 (-3.48±2.31 molC m-2 yr-1) in 
which a cruise on the continental shelf showed a maximum mean uptake of -9.81 
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molC m-2 yr-1 (Figure 3.4), estimated from ΔfCO2 and WS values of -60 µatm and 
13.4 m s-1, respectively. Coinciding with this observation, mean CO2 absorption in 
wintertime was higher than in any other season (-1.82±1.53 molC m-2 yr-1). However, 
DYBAGA cruises and ECO seasonal cycle 2003 achieved highest CO2 uptakes 
during spring, namely, -1.20±0.81 and -2.47±1.50 molC m-2 yr-1. Only during some 
autumn events the Galician shelf behaved as a marginal source of CO2, showing a 
maximum CO2 emission of 1.58 molC m
-2 yr-1 in September 2001 (Figure 3.4). In any 
case, the smallest uptake capacity was found during autumn, reaching a mean value 
of -0.56±0.68 molC m-2 yr-1 (Table 3.1). 
 
Figure 3.4. Sea-air CO2 exchange (FCO2, white circles) and wind speed (WS, black circles) observed 
during the DYBAGA and ECO cruises. 
 
3.5.3.  Biogeochemical control of fCO2 
A statistical analysis of the ΔfCO2 distribution during the DYBAGA and ECO 
cruises was carried out in order to identify the environmental forcing factors that 
steer the sea-air CO2 disequilibrium, fitting the ΔfCO2 values according to Equation 
3.5. The regression coefficients and the percentage of normalized ΔfCO2 variability 
explained by each parameter in the different seasons are given in Table 3.2. 
 




Table 3.2. Regression coefficients for Equation 7 are shown in the upper case of each variable. Percentage of normalized ΔfCO2 variability explained by each parameter 
in every season is shown in bold in the lower case of each variable. The root mean square (rms) and the correlation coefficient (r2) are also given (p<0.05). The “n” value 
stands for the number of valid data included in each analysis. 
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In general terms, seasonal empirical algorithms fitted correctly the observed ΔfCO2 
variability during each season. The ΔfCO2 winter measurements were weakly 
reproduced showing a standard error of 16.5 µatm and an explained ΔfCO2 
variability of 64%. The main driver in this season was SST in its quadratic form, 
explaining 39% of the ΔfCO2 changes with a coefficient of -4.2±0.9 µatm ºC-2. The 
algorithm was completed with the contribution of quadratic chl a, depth and WS, 
explaining 19%, 3% and 3%, respectively. 
The highest regression coefficient was found in spring (0.68), mainly due to the 
significant control of SSS changes (27%), which exceeded in 12% the contribution of 
quadratic chla a in this season. During this season depth was also a significant factor: 
it was inversely proportional to ΔfCO2 values with a rate of -0.3±0.1 µatm m-1, 
controlling 3% of the spring ΔfCO2 distribution, as well as Iw’. 
The empirical algorithm fitting the summer ΔfCO2 observations reported a root 
mean square error of 8.3 µatm, the minimum of the four seasons. During this season, 
SST was again the main forcing factor, controlling 46% of the ΔfCO2 changes with 
its two forms, showing positive and negative coefficients of 18.2±4.4 µatm ºC-1 and -
2.2±1.1 µatm ºC-2. Latitude and Iw’ also had a significant role explaining 9% and 4% 
of the ΔfCO2 variability; their coefficients pointed out a northward ΔfCO2 decrease 
and extended the inverse relationship between ΔfCO2 and upwelling events to the 
summer.  
Even though the autumn season only explained 16% of the total ΔfCO2 variability, a 
low ΔfCO2 error of 15.3 µatm was also found. The only contribution of chl a and 
SST that showed an inverse control, closely reproduced the ΔfCO2 measurements 
explaining 17% and 4% of the total ΔfCO2 variability, respectively. 
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3.6.  Discussion 
After the examination of underway measurements of SST, SSS, fCO2 and other 
ancillary variables (average upwelling index of the previous fortnight, Iw’, and 
remotely retrieved chl a), the Galician continental shelf was described as a complex, 
heterogeneous and highly biogeochemical active region from May 2001 to December 
2004. The high variability observed, both at short and seasonal scales, was related to 
meteorological conditions, presence of different water bodies and changes in chl a 
estimations. Winter and summer showed the expected downwelling and upwelling 
conditions, respectively, with seasonal Iw’ values of -269 and 327 m
3 km-1 s-1, 
respectively. On the contrary, every autumn season presented wind conditions that 
showed noticeable seasonal changes (Fraga 1981, Blanton et al. 1984). Northerly 
winds were extended beyond the summer, so upwelling favorable conditions, with an 
average value of 67 m3 km-1 s-1, prevailed over the characteristic downwelling 
scenario of every autumn.  
The winter dominance of southwesterly winds favored the coastal downwelling and 
the presence of subtropical waters transported by the IPC. The IPC was clearly 
sampled during winter 2001/2002, attending to the warm and saline water between 
November 2001 and February 2002. Very low levels of chl a and moderate 
undersaturation of CO2 were also found during this period of time, coinciding with 
more intense downwelling conditions (-770 m3 km-1 s-1; Figure 3.2, Table 3.1). These 
offshore waters of subtropical origin made winter 2001/2002 the warmest, saltiest 
and with lowest values of chl a sampled over the continental shelf during our three 
analyzed winters. These waters also acted as a slight sink of atmospheric CO2, 
absorbing -0.54 molC m-2 yr-1. In winter 2002/2003, under prevailing downwelling 
conditions (-549 m3 km-1 s-1) similar to those of winter 2001/2002, colder and less 
saline waters increased CO2 absorption to -2.14 molC m
-2 yr-1. On the other hand, in 
winter 2003/2004, colder and less salty waters were found (13.2ºC and 34.51, 
respectively) under weaker downwelling conditions (-52 m3 km-1 s-1) than those of 
winter 2002/2003. 
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South of the Ría de Vigo, the run-off from the Miño River showed an important 
variability during winter (estimation done following Otero et al. (2010)). Average 
discharge values estimated for winters 2002/2003 and 2003/2004 (1251.7±670.8 and 
612.4±89.9 m3 s-1, respectively) were notably higher than the one reported for winter 
2001/2002 (147.2±74.5 m3 s-1; Figure 3.3). In spite of presenting the highest river 
discharge, the strong downwelling conditions found for winter 2002/2003 seemed to 
retain freshwater in the near coast, preventing lower SSS values in the studied zone. 
This is explained because downwelling events, as well as the IPC, block the spreading 
of fresh shelf water and form a convergence front at the shelf-break (Pérez et al. 
1999) between coastal and ocean waters (Castro et al. 1997, Borges and 
Frankignoulle 2002b). This way, under less intense downwelling conditions, the 
lower river discharge of winter 2003/2004 was able to spread offshore, leading SSS 
variability measured on the platform to minimum values. 
The influence of coastal waters under different downwelling situations also led to 
differences in the CO2 uptake capacity, making the sea-air CO2 exchange respond to 
the continental influence. During winter 2001/2002, chl a values were minimum 
under the oligotrophic conditions prevailing in the subtropical IPC, in which shelf 
waters showed a ΔfCO2 value of -24 µatm. On the contrary, low saline waters 
observed in winters 2002/2003 and 2003/2004 increased the stability of the water 
column on the continental shelf, triggering phytoplankton activity (Pérez et al. 1999) 
and causing a strong CO2 undersaturation of -54 and -58 µam, respectively. In spite 
of not being the highest disequilibrium of the seasonal cycle, both winters showed an 
outstanding CO2 uptake that reached the highest CO2 absorption in winter 
2003/2004, with a mean FCO2 value of -3.48 molC m
-2 yr-1. 
Reinforcing the importance of the biological CO2 uptake in winter, chl a
2 explained 
19% of the ΔfCO2 variability with a coefficient of -13 µatm (mg-1 m3)-2 (Table 3.2). 
On the contrary, no relationship between low saline waters and CO2 undersaturation 
of wintertime was appreciated in the statistical analysis despite the process described 
above. Temperature control represented by SST2 was the dominant factor explaining 
39% of the winter ΔfCO2 variability with a negative coefficient of -4.2 µatm ºC-2. This 
correlation coincides with the one found by Gago et al. (2003b), who found that only 
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temperature accounts for a large percentage of the ΔfCO2 variability during the 
winter period. 
For every seasonal cycle, ΔfCO2 reached lowest values during the spring 
phytoplankton bloom (Pérez et al. 1999, Gago et al. 2003b). The lowest mean ΔfCO2 
value of -76 µatm during spring 2003 coincided with moderate average chl a values 
(0.97 mg m-3) and strong downwelling favorable conditions (-464 m3 km-1 s-1). The 
maximum mean values of chl a (1.42 mg m-3) were observed during spring bloom 
2004 under upwelling favorable conditions (218 m3 km-1 s-1). During this season, a 
high chl a observation of 7.72 mg m-3 was found across the continental shelf 
coinciding roughly with the lowest fCO2 measurement of 245 µatm (Table 3.1, 
Figure 3.2). Biological CO2 uptake remained for some weeks (Taylor et al. 1992) after 
the disappearance of chl a, so that the fCO2 increase related to upwelling events 
(Lampitt et al. 1995) was notably reduced. 
Spring ΔfCO2 variability was mainly explained in 27% by SSS (with a direct 
coefficient of 19 µatm), pointing out the balance between the intense CO2 
undersaturation that results from freshwater inputs and the influence of upwelled 
waters. SST changes represented 20% of the ΔfCO2 variability from linear and 
quadratic coefficients that directly explained 9% and 11%, respectively. The 
biological control represented by chl a2 explained 15% of the ΔfCO2 variability with a 
coefficient of -1.7 µatm (mg-1 m3)-2. Iw’ showed a significant inverse correlation of -
0.006 µatm m-3 km-1 s-1 with a minimum influence of 3% on the ΔfCO2 distribution. 
The entrance of CO2-rich water from the subsurface seems to be represented by the 
direct control of SST2 and SSS in the empirical algorithm. Colder and saltier waters 
represent the expected CO2 supersaturation observed during upwelling events. 
Spring 2002 and 2004, with flux values of -1.20 and -1.90 molC m-2 yr-1, respectively, 
showed the expected response to the upwelling favorable conditions during this 
season. The supersaturation of these waters led to lower uptake capacities, while 
maximum CO2 uptakes of -2.47 molC m
-2 yr-1 were reached in spring 2003 under 
downwelling conditions. 
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According to SST and SSS distributions, no upwelling filaments or recently upwelled 
waters off the Galician coast were sampled on the continental shelf. Consequently, 
ΔfCO2 summer values kept around -36 µatm. This season behaved as a moderate 
CO2 sink of -0.82 molC m
-2 yr-1 (Table 3.1), coinciding with the results of Borges and 
Frankignoulle (2001). Values of chl a decreased after spring blooms, returning to the 
values observed in winter. However, unlike wintertime, chl a didn’t show any role in 
the control of summer ΔfCO2, which was mainly explained by the SST (46%). The 
estimated linear SST-fCO2 coefficient of 18.2 µatm ºC
-1 slightly exceeded the 
theoretical temperature effect on ΔfCO2, which would be around 14 µatm ºC-1 for an 
average fCO2 of around 330 µatm, based on the coefficient of 4.23% ºC
-1 described 
by Takahashi et al. (1993). Latitude was also significant showing a growing CO2 
undersaturation northward with a rate of -98 µatm per latitudinal degree. According 
to the cruises tracks, latitude could represent the increasing distance from coast, that 
is, the landward CO2 saturation of surface waters observed in the proximal 
continental shelf during upwelling seasons. 
Strong winds during late summer and early autumn broke the summer stratification 
and activated the phytoplankton growth of September. In autumn, the upward input 
of nutrients through water mixing triggered chl a values, closely reaching those seen 
in spring but exceeding the percentage of variation explained (17% of the ΔfCO2 
changes). A negative correlation coefficient between chl a and ΔfCO2 was also found 
(-8 µatm (mg m-3)-2), coinciding with the results found by Pérez et al. (1999) for a 
region further south (40ºN-41.7ºN, and from coast to 11ºW). SSS and SST values 
were also a result of vertical mixing, and high SSS values, repeating those found in 
summer, were related to intense evaporation. These mixing processes seemed to 
weakly drive ΔfCO2 according to an inverse SST-ΔfCO2 correlation coefficient of -3 
µatm ºC-1. Even though these features responded to normal autumn conditions, no 
features of the IPC were observed in distributions of SST, SSS or chl a; this signal 
was only found in winter 2001/2002 under the downwelling scenario. Unlike other 
seasons, atmospheric fCO2 values were slightly exceeded in certain events during 
autumn, causing the highest seasonal fCO2 value of 344 µatm. This is probably due 
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to degradation of organic matter, as stated by Gago et al. (2003b). In any case, these 
waters behaved as a CO2 sink as well, with an average uptake of -0.56 molC m
-2 yr-1.  
ECO cruises analyzed for the near Bay of Biscay showed seawater fCO2 ranges of 72 
µatm estimated during 2003 and 2004 (Padin et al. 2009). The same ECO cruises 
analyzed in the present work showed annual seawater fCO2 ranges of 126 and 185 
µatm in the Galician shelf, reflecting the stronger impact of the changing drivers on 
seawater fCO2 variability on the continental platform (SST, SSS, chl a, latitude, WS 
and Iw’). The impact of these drivers should be taken into account at different scales, 
including those that respond to climate variability, especially in relation to warming, 
weakening of the upwelling (Pérez et al. 2010), river discharges and photosynthetic 
activity in the continental shelf. 
The steady CO2 undersaturation makes the Galician continental shelf a significant 
CO2 sink in spite of the variability at different temporal scales. The most important 
variability in CO2 uptake at seasonal scale was measured during winter and spring, in 
which CO2 uptake was determined by the downwelling/upwelling conditions, the 
strength of water runoff to the continental shelf and the development of a 
phytoplankton community. Annual CO2 absorption values estimated from the years 
2002 to 2004 ranged from -0.78 to -1.44 molC m-2 yr-1, showing a lower uptake 
capacity than the -2.2 molC m-2 yr-1 reported by Borges et al. (2005) for the same 
region. In the most recent estimations of sea-air CO2 exchange in the global coastal 
ocean (Tsunogai et al. 1999, Chen and Borges 2009, Laruelle et al. 2010), this 
estimation of annual FCO2 in the continental shelf of the Galician coast was 
averaged with other scarce observations, globally extrapolating them as a reference 
uptake of a temperate upwelling in the North Atlantic region. The success of such 
scaling approaches depends on how representative FCO2 estimations are for a given 
coastal environment. In this particular case, the annual FCO2 measurements show an 
important seasonal variability that could underestimate in 65% the CO2 uptake of the 
Galician continental shelf from previous studies, affecting the regional estimations. 
Long time-series of pCO2 measurements evenly distributed in continental shelves 
will estimate a more robust evaluation of CO2 fluxes in continental shelf seas. 
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3.7.  Conclusions 
The Galician continental shelf presented a marked seasonality throughout the 
sampling period, with, winters showing the lowest values of SST, SSS and chl a. 
However, strong inter-annual variability was found between the sampled winters, 
especially during winter 2001/2002, when the dominance of southwesterly winds 
favored the coastal downwelling and the presence of subtropical waters conveying 
northward on the continental shelf in the Iberian Poleward Current. The main 
variable explaining ΔfCO2 variability in winter was SST2. In spring, chl a2 was found 
to be a significant driver of the changes in ∆fCO2. Intense decreases in fCO2 
coincided with moderate average chl a values, showing an effective biological CO2 
uptake. Upwelling pulses of CO2-rich waters minimized the effect of the spring 
bloom on fCO2 distribution by shortening the time span of biological CO2 uptake, 
even though no CO2 oversaturation of surface waters was observed. Low SSS, fCO2 
and high chl a values were found for this season. In summer, northerly component 
winds prevailed, and so did upwelling favorable conditions. The main factor 
explaining fCO2 variability in summer was SST. In autumn the strong blowing wind 
caused the summer stratification breakdown, activating the autumn phytoplankton 
bloom and increasing fCO2 values until fCO2
atm was exceeded in some events. In 
general, the Galician continental shelf behaved as a steady and significant CO2 sink, 
in spite of the variability noted at different temporal scales. The most important 
variability was measured during winter and spring due to important changes in fresh 
water inputs reaching the region at inter-annual scale. FCO2 annual measurements 
showed lower values than the previously reported, showing an outstanding variability 
that could underestimate in 65% the CO2 uptake of the Galician continental shelf at 
annual scale. Long time-series of fCO2 measurements would reduce the FCO2 
uncertainties improving the use of scaling methods for studying the sea-air CO2 

















And acquaintances turn to friends,  
I hope those friends they remember me 
Hold the night for ransom as we kidnap the memories 
Not sure there is a way to express what you meant to me 
Sit around a table and use those years as the centerpiece 
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CHAPTER 4.  A synthesis of seawater pCO2 along 
the Western Coast of the Americas 
 
4.1.  Abstract 
A synthesis of sea surface pCO2 along the west coast of the Americas, from Alaska 
to Chile, is presented based on approximately 1 million observations measured from 
1979 to 2012. The annual latitudinal distribution of delta pCO2 (∆pCO2, sea-air) and 
sea-air flux is described, showing negative (positive) ∆pCO2 at high (low) latitudes, 
making these sinks (sources) of atmospheric CO2. While there are large differences 
between regions, the average ∆pCO2 and sea-air fluxes are small; the total flux for 
the region was estimated to be 2.74 TgC per year out of the ocean.  
The general pattern of ∆pCO2 can be explained on the basis of preformed nitrate in 
subsurface waters and unutilized nitrate in surface waters. A simple model estimating 
the surface inorganic carbon parameters from subsurface source waters and nutrient 
utilization scenarios is presented. The results highlight the importance of biological 
uptake in regulating pCO2, pH and sea-air fluxes. Processes that regulate preformed 
nitrate, such as deoxygenation and biological uptake, in addition to the ocean’s slow 
uptake of CO2 from the burning of fossil fuels, will determine how sea surface pCO2 
will vary in the future. 
 
4.2.  Resumen 
A partir de aproximadamente 1 millón de mediciones tomadas entre 1979 y 2012, se 
realizó una síntesis de pCO2 superficial del océano a lo largo de toda la costa 
occidental de las Américas. Se describen la distribución latitudinal anual del delta 
pCO2 (∆pCO2, océano-aire) y el flujo de CO2 océano-atmósfera. Se encontraron 
∆pCO2 negativos (positivos) a latitudes altas (bajas), por lo que éstas áreas se 
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consideran sumideros (fuentes) de CO2 atmosférico. Si bien hay grandes diferencias 
entre regiones, los ∆pCO2 y flujos océano-atmósfera son pequeños; el flujo total de 
la región se estimó en 2.74 TgC por año fuera del océano. El patrón general de 
∆pCO2 puede explicarse basándose en el nitrato preformado de las aguas 
subsuperficiales  y en el nitrato no utilizado de las aguas superficiales. Se presenta un 
modelo sencillo para estimar los parámetros de carbono inorgánico en aguas 
subsuperficiales en tres escenarios de utilización de nutrientes diferentes. Los 
resultados destacan la importancia de la captación biológica en la regulación de 
pCO2, pH y flujos de CO2 océano-atmósfera. Los procesos que regulan el nitrato 
preformado, tales como la desoxigenación y utilización biológica, además de lenta 
absorción del CO2 resultante de la quema de combustibles fósiles por parte del 
océano, determinarán cómo la pCO2 en la superficie del mar variará en el futuro. 
 
4.3.  Introduction 
Atmospheric CO2 concentrations have increased from around 278 ppm in 1750 
(Etheridge et al. 1996) to a global average of around 390.5 ppm in 2011 (Hartmann 
et al. 2013), due to the release of carbon dioxide from fossil fuel combustion (coal, 
oil and natural gas), cement production (from calcining of limestone) and land-use-
changes (deforestation and wood harvest) (Canadell et al. 2007). The surface ocean 
takes up part of this CO2 release as it continuously equilibrates with the atmosphere. 
This equilibration steadily decreases seawater pH resulting in so-called ocean 
acidification (Feely et al. 2009). Coastal oceans, defined as the regions located <100 
km from shore (Liu et al. 2000, Chavez et al. 2007, Cai 2011), may help mitigate this 
increase by exchanging CO2 between the ocean, atmosphere and terrestrial 
environments but are also vulnerable to decreasing seawater pH. Even though it is 
well understood how the partial pressure of CO2 (pCO2) in coastal waters responds 
to warming, upwelling, primary productivity, and respiration (Cai et al. 2006) their 
CO2 fluxes are still unconstrained due to paucity in information and large variations 
over small spatial and temporal scales (Liu et al. 2000). The rapid shift of carbon 
flows in coastal waters (Gypens et al. 2009) have therefore made the estimate of sea-
CHAPTER 4. PCO2 ALONG THE WESTERN COAST OF THE AMERICAS 99 
 
 
air CO2 flux in these areas subject to large uncertainties (Chen and Borges 2009).  
Variations in coastal sea surface pCO2 occur over small spatial and temporal scales, 
but also between habitats and over relatively large scales as well. Chen and Borges 
(2009) suggested that continental shelves act as sinks and near-shore ecosystems as 
sources of atmospheric CO2, partly because large CO2 emissions are observed in 
regions affected by significant riverine input such as inner estuaries, salt marshes and 
mangroves (Frankignoulle et al. 1998, Laruelle et al. 2010, Cai 2011). Chavez et al. 
(2007) suggested that areas at lower latitudes tend to be sources of CO2 to the 
atmosphere, while systems located at higher latitudes tend to be sinks. This is 
consistent with studies at high latitudes where wind-driven upwelling margins show 
uptake of atmospheric CO2 (Ianson et al. 2003, Hales et al. 2005, 2012, Cai 2011, 
Torres et al. 2011, Cobo-Viveros et al. 2013), and at low latitudes where upwelling 
systems act as sources (Cai et al. 2006, Friederich et al. 2008, Cai 2011). However, 
other studies found a variable seasonal and spatial sea-air flux distribution 
contradictory to earlier findings: during the boreal autumn, sources of CO2 at high 
latitudes became weak sinks of atmospheric CO2, while low became weak sources 
(Hales et al. 2012). 
Over the past decades a series of local to regional studies of coastal pCO2 and sea-air 
flux along the west coast of the Americas have been published (Friederich et al. 2002, 
2008, Hales et al. 2005, Evans et al. 2011, 2012, Torres et al. 2011, Evans and Mathis 
2013), but a full synthesis has been lacking. Building on Chavez et al. (2007), an 
extensive coastal pCO2 data set was compiled for the west coast of the Americas 
from Alaska to Chile. This paper: 1) describes the latitudinal distribution of the 
average annual delta pCO2 for this region; 2) calculates the sea-air CO2 fluxes; 3) 
utilizes ocean circulation to explain the patterns in delta pCO2; and 4) develops a 
simple model to estimate the inorganic carbon parameters from near-surface source 
waters and nutrient utilization scenarios. The results give insights into the local 
regulation of delta pCO2 and sea-air fluxes and how these might vary in the future. 
The importance of biological processes, in particular at low latitudes, in regulating 
outgassing into the atmosphere and so-called ocean acidification is highlighted. 
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4.4.  Materials and Methods 
4.4.1.  Seawater pCO2 data compilation 
To determine the mean annual net sea-air CO2 exchange along the western coast of 
the Americas, we put together a large data set of seawater pCO2 (pCO2
sw). It 
included: 1) direct pCO2
sw measurements from the LDEO Version 2012 database 
(Takahashi et al. 2013) (Figure 4.1.a; database hosted by the Carbon Dioxide 
Information Analysis Center (CDIAC) data server: 
http://cdiac.ornl.gov/ftp/oceans/LDEO_Database/Version_2012/); 2) surface 
water fCO2 from the SOCAT version 2 database (Bakker et al. 2014) (Figure 4.1.b; 
available at http://www.socat.info); and 3) long-term xCO2 observations from the 
MBARI U.S. west coast work (including shipboard underway measurements and 
mooring observations; Figure 4.1.c). xCO2 is measured from sample air streams 
equilibrated with flowing seawater using infrared gas analyzers and following 
published methods (Friederich et al. 1995, Dickson et al. 2007, Pierrot et al. 2009). 
SOCAT data was crossed referenced to MBARI and LDEO data, and duplicates 
were removed. 
Each dataset is a compilation from different projects and sources: MBARI comprises 
information from Canada to northern Chile, while LDEO-CDIAC and SOCAT 
cover from Canada to southern Chile – including the Patagonian and Chilean Fjords 
(Figure 4.1. a, b and c). The final data set spans the time period between 1979 and 
2012, and includes approximately 1 million measurements.  
The data was not uniformly distributed: the greatest number of samples occurred off 
the U.S. west coast and Peru, while the fewest were found in the southern 
hemisphere, especially off the coasts of Panama, Colombia, and the Patagonian and 
Chilean fjords (Figure 4.1.d). 
 




Figure 4.1. a. LDEO, b. MBARI, and c. SOCAT cruises included in our pCO2 compilation. d. 
Number of surface water pCO2 observations included in the ∆pCO2 and CO2 flux calculations. 
 
The seawater xCO2 data, sampled within 1º-pixel from shore, were converted to 
pCO2 in sample seawater at equilibration temperature, !"#! !"#$!"# , following 
Equation 2.6. The empirical correction factor of Takahashi et al. (1993), modified in 
Takahashi et al. (2009) was applied to compensate for the difference in temperature 
between the equilibrator and sea surface (SST) (Equation 2.11). 
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4.4.2.  Atmospheric pCO2 
We used monthly values of the atmospheric CO2 molar fraction (xCO2
atm, recorded 
in meteorological stations of the NOAA-ESRL Global Monitoring Division stations) 
to estimate atmospheric pCO2 (pCO2
atm). The xCO2
atm dataset is product of the 
Cooperative Global Atmospheric Data Integration Project that uses discrete and 
quasi-continuous measurements from fixed surface and tower sites, moving ships 
and aircraft sites (http://www.esrl.noaa.gov/gmd/ccgg/globalview/co2/ 
co2_download.html) (Cooperative Global Atmospheric Data Integration Project 
2013). We linearly interpolated the xCO2
atm measurements versus latitude from 
observations at Cape Meares (United States. Position: 45.48ºN), Christmas Island 
(Republic of Kiribati. Position: 1.70ºN) and Easter Island (Chile. Position: 27.15ºS). 
We calculated pCO2
atm the same way as we did for pCO2
sw (Equation 2.1), with the 
difference that atmospheric pressure (Patm) and sea-surface temperature (SST) were 
used instead of Pequ and equT, respectively. Also, no temperature correction was 
applied (Pierrot et al. 2009). Each pCO2
sw data point was matched by year, month, 
and day to the corresponding pCO2
atm value. This enabled the calculation of the 
difference between pCO2
sw and pCO2
atm (∆pCO2) used in the sea-air CO2 flux 
calculations. 
 
4.4.3.  Wind speed 
To calculate the gas transfer coefficient needed to estimate the sea-air CO2 flux, we 
extracted monthly wind speed data from the National Climatic Data Center (NCDC, 
available at http://www.ncdc.noaa.gov/oa/rsad/air-sea/seawinds.html) blended 
wind data set and matched them by year, month and 0.25º-binned latitude and 
longitude to our pCO2
sw data. The NCDC Blended Sea Winds data product has 
globally gridded and high resolution ocean surface vector winds and wind stresses on 
a global 0.25° grid with multiple time resolutions: 6-hourly, daily (averages in time of 
the 6-hourly data), monthly (provided as averages of the daily fields), and 11-year 
(1995-2005) climatological monthlies. These wind speeds are generated by blending 
observations from multiple satellites (up to six satellites since June 2002, including 
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scatterometers (QuikSCAT), SSMIs, TMI and AMSR-E; Figure 1 in Zhang et al. 
(2006)). 
 
4.4.4.  CO2 Flux Calculations 
The net sea-air CO2 flux (FCO2, in mol m
−2 yr−1, Equation 2.12) was estimated using 
the difference between pCO2
sw and pCO2
atm (∆pCO2), the sea-air gas transfer rate (k, 
in cm h−1) parameterized as a function of (wind speed)2 (Wanninkhof 1992), and the 
CO2 solubility in seawater (S, in mol kg
−1 atm−1) calculated from (Weiss 1974). 
 
4.4.5.  Preformed Nitrate content of subsurface waters 
Preformed nitrate (NO3
pre) is the nitrate originally present in a water parcel prior to in 
situ respiration of sinking particulate organic matter (Abell et al. 2005). It was 
calculated from values at 50 m of nitrate (NO3
50m), apparent oxygen utilization 
(AOU) and a N:-O2 ratio 0.11 (Redfield et al. 1963) (Table 4.1). Salinity (S), 
temperature (T), NO3 and AOU data used in the calculations came from the World 
Ocean Atlas database (WOA09) (United States Department of Commerce and 
NOAA National Oceanographic Data Center 2009). The depth of 50 m was chosen 
as representative for waters that are either upwelled or mixed into the surface layer 
(Barber and Smith 1981, Messié et al. 2009). The term delta nitrate (or ∆N) is 
introduced to represent the impact of surface non-consumed nitrate on pCO2. 
Negative values of NO3
pre indicate conditions where in situ respiration of particulate 
organic matter has consumed nitrate (as the electron donor via denitrification or 
other processes) relative to inorganic carbon. A schematic of the measurements and 
calculations performed in this paper is given in Figure 4.2. 




Figure 4.2. A large dataset of ∆pCO2 was compiled along the west coast of the Americas and, along 
with winds, were used to estimate sea-air fluxes. This measured ∆pCO2 was compared to preformed 
nitrate at 50 m and to results of a simple carbon model that includes water mass formation, 
remineralization, upwelling, and different scenarios of nutrient utilization at the surface. 
 
Table 4.1. Equations used to calculate preformed nitrate and carbon properties. 
 





     
Preformed 
 pCO2 pre 
 Dependent on the age of the 50 m 
water 
 NO3 pre  NO!!!"# − AOU ∗ N:Oa 
 TAlkpre  TAlk!"# + AOU ∗ N:Oa  
 TCO2 pre  f pCO!!!"#,TAlk!"#, S!"#,T!"# !  
 pHpre!  f pCO!!!"#,TAlk!"#, S!"#,T!"#   
  CFC11 (years)  −0.687707 ∗ O! + 19.355b 
     
     
Subsurface 
 pCO2 50m  f TCO!!!"#,TAlk!"#, S!"#,T!"#   
 NO3 50m  WOA 
 TAlk50m  60.2 ∗ S!+ 205.5c  
 
TCO2 50m 
 If NO3 pre is positive: TCO!!!"# +AOU ∗ C:Od  
 
 
 If NO3 pre is negative: TCO!!!"# + AOU ∗ C:O! + denitC  
 
 
 denitC = denitN ∗ C:N =−NO!!!"# ∗ C:Ne 
 pH50m  f TCO!!!"#,TAlk!"#, S!"#,T!"#   
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 pCO2 surf  f TCO!!!"#$,TAlk!"#$, S!"#$,T!"#$   
 ∆N  NO!!!"# − NO!!!"#!(= 0)  
 TAlksurf  TAlk!"# + ∆N  
 TCO2 surf  TCO!!!"# − ∆N ∗ C:Nf 
 pHsurf  f TCO!!!"#$,TAlk!"#$, S!"#$,T!"#$   
     




   Same as 1 except 
 ∆N  NO!!!"#  
     




   Same as 1 except 
 ∆N  NO!!!"# − NO!!!"#$  
     
 
Calculations were carried out using values from the World Ocean Atlas (WOA) 
(salinity S, temperature T, nitrate NO3
-, apparent oxygen utilization AOU) (United 
States Department of Commerce and NOAA National Oceanographic Data Center 
2009) and the World Ocean Circulation Experiment (WOCE) (salinity S, alkalinity 
TAlk, CFC11, oxygen O2). 
a. Stoichiometric ratio of oxygen consumption to nitrate regeneration N:-O2 ≈ 0.11 
(Redfield et al. 1963). b. Relationship derived from CFC11 and oxygen to calculate 
the age of the 50 m water (r = 0.87; n = 513) estimated from WOCE data collected 
in the coastal region along the Americas. c. Relationship derived from salinity and 
alkalinity at 50 m to calculate TAlk50m (r = 0.97; n = 695) estimated from WOCE 
data collected in the coastal region along the Americas. d. Stoichiometric ratio of 
oxygen consumption to carbon regeneration C:-O2 ≈ 0.77 (Redfield et al. 1963). 
e. 
Stoichiometric ratio of nitrate consumption to carbon regeneration C:-N ≈ 1.1 used 
for waters at 50m depth and negative NO3 pre (Paulmier et al. 2009). 
f. Stoichiometric 
ratio of nitrate consumption to carbon regeneration C:-N ≈ 6.6 used for surface 
waters (Redfield et al. 1963). 
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4.4.6.  Simple Model of water mass formation, upwelling and/or 
mixing and nutrient utilization 
To determine the sensitivity of the coastal system to environmental changes we 
developed a simple carbon model that included water mass formation at high 
latitudes, chemical production and/or consumption as waters are transported 
equatorward, upwelling and/or mixing and surface nutrient utilization. The 
calculations have a starting point on the ones used for preformed conditions; but 
depending on the nutrient utilization scenario, modifications are introduced to 
consider organic matter oxidation and denitrification in subsurface and surface 
conditions (Table 4.1, Figure 4.2). We calculated carbon parameters for each five-
latitude bin and under three different nutrient utilization scenarios: no utilization, 
observed utilization (total upwelled and/or mixed minus surface concentration) and 
full utilization. 
 
4.4.6.1.  Initial conditions 
The pCO2 content of a water mass at time of formation (pCO2
pre) at high latitudes 
varied latitudinally depending on the age of the 50 m water. This age was calculated 
based on a relation between CFC11 and oxygen (r = 0.87; n = 513, Table 4.1) 
estimated from WOCE data collected in the coastal region along the Americas. 
Assuming that the surface water was in equilibrium with the atmosphere at time of 
formation waters with lower oxygen content were older and therefore had lower 
pCO2
pre. pCO2
atm values for the year 2005 were used to back calculate values at age of 
formation, to estimate ∆pCO2. This value is arbitrary given the calculation of ∆pCO2 
and the general trend in the atmosphere. To calculate preformed total alkalinity 
values (TAlkpre), we first had to estimate Alkalinity at 50 m (TAlk50m) from salinity (r 
= 0.97; n = 695) using WOCE data for the same region as the CFC11 age 
calculation. Preformed total alkalinity values (TAlkpre) were calculated from TAlk50m, 
AOU and a N:-O2 ratio 0.11. Preformed total inorganic CO2 (TCO2
pre) and pHpre 
were calculated as functions of pCO2
pre, TAlkpre, salinity and temperature at 50m (S50m 
and T50m) using the CO2 system calculations (CO2SYS). This program relates 
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parameters of the carbon dioxide system in seawater and freshwater, using two of 
four variables (TAlk, TCO2, pH, and either fugacity (fCO2) or pCO2) to calculate the 
other two parameters at a set temperature and pressure and a set of output 
conditions chosen by the user (Lewis et al. 1998).  
 
4.4.6.2.  Subsurface carbon conditions  
After water mass formation, remineralization of organic matter (estimated from 
oxygen consumption and nitrate production) increases TCO2 at the chosen depth of 
50m (TCO2
50m). We included an increase in TCO2 from denitrification (assumed to 
be when NO3
pre was negative, Table 4.1). The anaerobic ammonium oxidation 
“Anammox” (Ward 2013) was ignored and the impact of denitrification on TCO2 
was neglible. pCO2
50m and pH50m were calculated as functions of TAlk50m, TCO2
50m, 
S50m and T50m, using CO2SYS. 
 
4.4.6.3.  Upwelling or mixing of the subsurface water mass 
Two methods to upwell or mix waters to the surface were employed. In the first, 
waters from 50 m were fully transported to the surface. In the second, blended sea 
winds were used to upwell waters, and the Ekman depth (estimated from the winds) 
was used as the depth of upwelling (and nutrient and CO2 content): stronger 
upwelling favorable winds and lower latitudes favored deeper depths. After upwelling 
and/or mixing of the subsurface water mass, three scenarios of nutrient utilization 
were considered: 1) no nutrient utilization (no primary production) so that variation 
in CO2 from depth to the surface was driven by the thermodynamical effect of 
temperature on CO2; 2) full nutrient utilization, i.e. phytoplankton consumed the 
available nitrate; and 3) observed nutrient utilization, which took into account 
unutilized nitrate remaining at the surface (nutrient utilization was equal to nitrate at 
depth minus nitrate at surface, both from WOA09). 
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4.5.  Results 
4.5.1.  pCO2 and sea-air CO2 Flux 
pCO2 undersaturation of surface waters was observed at high latitudes (Figure 4.3.a): 
between 45ºN and 55ºN ∆pCO2 varied from -81 to -14 µatm – the highest 
undersaturation found at 45ºN. In the southern hemisphere we found pCO2
sw 
undersaturation between 40ºS and 60ºS, with ∆pCO2 values lower than -30 µatm 
(except for a small oversaturation of 8 µatm found at 45ºS). We found pCO2 
oversaturation in low latitude surface waters between 5ºS and 35ºS; the highest values 
occurred from 5ºS to 15ºS and exceeded +160 µatm (Figure 4.3.a). The average 
∆pCO2 for the western coast of the Americas was +29 µatm. 
 
Figure 4.3. a. ∆pCO2 values found for the Pacific coast of the Americas, from 55ºN to 55ºS. b. Wind 
speed calculated from the NCDC blended wind data set for the eastern Pacific coast. c. Flux 
calculations obtained from the combination of LDEO version 2012, SOCAT version 2, and MBARI 
pCO2 databases. 
 
We found stronger wind speeds at southern high latitudes. In northern high latitudes, 
wind speeds ranged from 5 m/s at 50ºN to 8 m/s at 55ºN; and in the southern high 
hemisphere they varied from 7 m/s at 40ºS to 12 m/s at 55ºS, coinciding with high 
pCO2 undersaturation of surface waters. The lowest wind speeds (<4 m/s) were 
found at 5ºN and 20ºS (Figure 4.3.b). 
The CO2 flux calculations yielded negative values (flux into the ocean) in waters 
between 45ºN and 55ºN, and between 40ºS and 55ºS (Figure 4.3.c), but the highest 
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influx was found at high southern latitudes (-6 and -4 moles C m-2 y-1 at 55ºS and 
50ºS, respectively). Fluxes from the ocean to the atmosphere were found between 
5ºS and 35ºS: the highest emission values were found at 15ºS (5 moles C m-2 y-1), and 
at 10ºS and 30ºS (3 moles C m-2 y-1). At 25ºN and 40ºN, we also found emissions of 
3 and 2 moles C m-2 y-1, respectively. We calculated near-neutral fluxes from 5ºN to 
15ºN, from 30ºN to 35ºN, and from 50ºN-55ºN.  
We found a near-neutral average sea-air flux of 0.19 moles C m-2 y-1– from 55ºN to 
55ºS – which corresponds to a total flux of 2.74 x 1012 g C per year out of the ocean 
for this region. Eliminating the very high flux into the ocean at 55ºS results in an 
average out flux of 0.50 moles C m-2 y-1 and a total 7.35 x 1012 g C per year out of the 
ocean. 
 
4.5.2.  Relationship between ∆pCO2 and preformed nitrate 
A comparison between ∆pCO2 and NO3 pre shows that there is a high correlation (r = 
- 0.68) between these two, with preformed nitrate explaining 50% of the variance in 
∆pCO2 (Figure 4.4.a). Including unutilized surface nitrate (∆N) increases the 
correlation (r = - 0.86) and the variance explained to 73% (Figure 4.4.b). Regions of 
negative preformed nitrate/low ∆N are regions of positive ∆pCO2, while regions of 
positive preformed nitrate/higher ∆N are regions of negative ∆pCO2. 
 




Figure 4.4. ∆pCO2 values compared to a. preformed nitrate (r = -0.68) and b. ∆N (r = -0.86) values 
along the eastern Pacific coast. 
 
4.5.3.  Simple Model of CO2 System 
High correlations were also found between ∆pCO2 and CO2 parameters (pCO2, 
TCO2, pH), with the highest correlation coefficient (r = 0.77) found for the observed 
nutrient utilization scenario and upwelling water from 50 m to the surface. The 
tendency for this set of runs is for the simulations to have a higher ∆pCO2 than 
observed, with the greatest anomalies at low to mid latitudes (Figure 4.5). The use of 
the Ekman depth upwelling resulted in very similar mean values of ∆pCO2 as those 
observed (32.20 vs. 51.14 µatm), but with a lower correlation. A region where all of 
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the simulations failed repeatedly was between 0º and 20ºN due to the fact that this 
region has a shallow low salinity layer that: 1) impedes upwelling; 2) invalidates the 
alkalinity calculation. This region has an observed ∆pCO2 close to zero, a shallow 
oxygen minimum zone and a high CO2 zone, so that the upwelling in our model 
overestimates ∆pCO2. 
 
Figure 4.5. Observed ∆pCO2 values (black circles), and ∆pCO2 obtained in each of our three model 
scenarios using the 50 m depth upwelling: no nutrient utilization (open stars), complete nutrient 
utilization (open triangles) and observed nutrient utilization (open circles). 
 
4.6.  Discussion 
The distribution of ∆pCO2 and sea-air fluxes along the coast of the Americas 
resembles the general distribution shown in the Pacific by Takahashi et al. (2009), 
with the coastal ocean acting as a source to (sink from) the atmosphere at low (high) 
latitudes (Figure 4.3c). 
Our results are consistent with others found along the coast of the Americas. At 
50ºN, the levels of insaturation found correspond to the strong biological drawdown 
of pCO2
sw in response to upwelling over the outer-shelf of Vancouver Island 
(Canada) (Ianson et al. 2003). At 45ºN, the coastal ocean water off Oregon was a 
strong sink of atmospheric CO2 (Hales et al. 2005). For the Central California 
upwelling system (Friederich et al. 2002) and the Southern California Current System 
(Leinweber et al. 2009), coastal waters appear to be a near-zero or a slightly positive 
annually-averaged source of CO2 to the atmosphere. To the north, productivity 
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appears to be high enough to consume regenerated and preformed nutrients alike, 
drawing CO2 down to levels far below atmospheric saturation (Ianson et al. 2003, 
Hales et al. 2005, Friederich et al. 2008). 
At warm latitudes between 5ºS and 35ºS, the rapid heating of surface waters 
enhances the immediate CO2 outgassing caused by the upwelling (Torres et al. 2011). 
CO2 supersaturated waters at 35ºS (that coincide with the upwelling off Concepción) 
and CO2 undersaturation in the Patagonian fjord region (40ºS-55ºS) were also found 
by Torres et al. (2011). The slight oversaturation seen at 45ºS corresponds to waters 
north of the windy Golfo de Penas, as also seen by Torres et al. (2011). 
The general distribution is shifted southwards from global distributions (Chavez et al. 
2007, Takahashi et al. 2009) because the low latitude upwelling along the coast 
reaches a maximum off Peru, not the equator. This distribution produces regions of 
atmospheric CO2 strong uptake at high latitudes and outgassing at low latitudes. 
However, as is the case with the global fields, the average net flux along the entire 
west coast of the Americas is much smaller than for the individual regions. The 
resulting average sea-air flux for the entire region is estimated to be 2.73 x 1012 g C 
per year out of the ocean. Eliminating the southernmost value (with high flux into 
the ocean) changes the region to a slightly bigger source (7.35 x 1012 g C). The errors 
associated with the flux calculation make the average values not significantly different 
from zero.  
The general pattern of ∆pCO2 can be related to the levels of preformed nitrate in 
subsurface waters (Figure 4.4a) and incomplete utilization of surface nitrate by 
phytoplankton (Figure 4.4b). Negative preformed nitrate indicates an excess of 
inorganic carbon relative to nitrogen, driven primarily by denitrification or loss of 
inorganic nitrogen relative to carbon. As seen in latitudes south of 5ºS, new 
production is constrained due to the upward transport of nitrate deficit and an 
associated CO2 excess (from anaerobic respiration), explaining the high CO2 
outgassing in waters off northern and central Chile (Torres et al. 2011) and Peru 
(Friederich et al. 2008). As these subsurface waters are brought to the surface by 
upwelling or mixing, the consumption of available nitrate (and associated carbon) by 
phytoplankton is unable to reduce pCO2 to levels below those in the atmosphere. 
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The opposite occurs at high levels of preformed nitrate, where pCO2 reduction by 
phytoplankton uptake reduces levels to well below those in the atmosphere. 
Limitation of phytoplankton growth, most likely by iron (Friederich et al. 2008) at 
lower latitudes and light at higher latitudes (Maldonado et al. 1999), results in 
incomplete nitrate utilization and higher pCO2; inclusion of this term with the 
preformed nitrate (so-called ∆N) significantly increases the correlation with ∆pCO2. 
The simple model used to estimate carbon parameters under different nutrient 
utilization scenarios shows the strong impact biological uptake (and export) has on 
the decrease of pCO2
sw (Figure 4.5 and Figure 4.6). In contrast to the equatorial 
Pacific, biological uptake of CO2 is rapid at high latitudes, reducing pCO2
sw and the 
flux of CO2 to the atmosphere (Friederich et al. 2002). The strong warming that 
occurs when cool subsurface waters are brought to the surface greatly increases 
pCO2
sw, an effect that is magnified in the absence of biological uptake. At high 
latitudes the temperature difference between surface and subsurface waters is much 
smaller, causing the increase in pCO2
sw to be lower. The simple model shows that at 
low latitudes, in the absence of biological uptake, pCO2 would be substantially higher 
and pH substantially lower than present, suggesting that these regions are particularly 
vulnerable to anthropogenic and climatic disturbances. Processes that impact the 
levels of preformed nitrate and biological uptake are critical and can have significant 
impact on coastal ocean carbon and acidification (Figure 4.6). Given observed recent 
changes in oxygen along the coast of the Americas (Bograd et al. 2008, Stramma et 
al. 2008, Bertrand et al. 2011), the impacts of increased remineralization may exceed 
those driven by anthropogenic uptake of carbon dioxide over the next decades. 
 




Figure 4.6. Comparison between pH estimated from observations of pCO2 and alkalinity, and that 
estimated from the simple model where waters from 50 m are brought to the surface. The “No 
nutrient utilization” model shows the significant impact of decreased biological uptake on pH. A 
similar result is achieved by reducing the levels of preformed nutrients in source waters. 
 
4.7.  Conclusions 
The continuous rise in atmospheric CO2 increases this gas in the surface ocean and 
eventually in deep water masses. The development of simple carbonate and nutrient 
models allows us to see what could happen in future scenarios of climate change that 
may occur because of the continuous increase in oceanic CO2. The most important 
conclusion drawn from this study is that the inclusion of preformed nutrients as a 
proxy of biological uptake shows us the importance of this variable on the 
drawdown of surface water pCO2. The effects that interruption, slowdown or non-
existence of photosynthesis would have on the lowering of seawater pH and on the 
increased solubility of calcium carbonate minerals used as skeleton and shell material 
by corals and other pelagic and benthic calcifiers, generally results in a slowdown of 
the overall calcification process by mechanisms that are just beginning to be 
understood. Decreased calcification could have negative impacts on marine 
ecosystems, with consequent effects on local marine fisheries and coastal protection 
from storms. The abundance of commercially important shellfish species (i.e. clams, 
oysters, sea urchins) could also decline, which could have serious consequences for 













“Primero estaba el mar. Todo estaba oscuro. No había sol, ni luna, ni 
gente, ni animales, ni plantas. Solo el mar estaba en todas partes. El 
mar era la madre. Ella era agua, era río, laguna, quebrada y mar. 
Así, primero sólo estaba la madre. La madre no era gente, ni nada, ni 
cosa alguna. Ella era Aluna. Ella era espíritu de lo que iba a venir y 
ella era pensamiento y memoria. Así la madre existió sólo en Aluna, 
en el mundo más abajo, sola”. 
 
“Aluna”. Mito de la Creación de los Koguis, pueblo indígena 
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CHAPTER 5.  CO2 flux variability in the Galician 
and Californian upwelling systems 
 
5.1.  Abstract 
We estimate and compare the annual CO2 fluxes and upwelling indexes in the 
Galician and Californian upwelling systems from a large database collected from 
1997 to 2010. This database includes pCO2
sw, SST, and SSS data collected by the 
Marine Research Institute (Vigo, Spain) during the DYBAGA, ECO, REMODA, 
and ZOTRACOS cruises; and by the Monterey Bay Aquarium Research Institute 
(California, USA) during the SECRET and MBTS cruises. We include remote sensed 
net ecosystem production as a proxy of the biological activity, and the monthly 
averaged upwelling index over five and four regions in the Galician and Californian 
upwellings, respectively. In general, upwelling index was four times higher in 
California than in Galicia. Downwelling events were more frequent and more 
variable in Galicia than in California. Galicia also presented higher annual 
temperature ranges than California. Galicia presented negative ∆fCO2 and absorption 
by all regions throughout the year except in autumn. California presented a more 
variable ∆fCO2 throughout the year, with the highest variability found closer to coast, 
where the highest absorption rates were found. Both upwelling systems presented 
higher productivity values in regions closer to coast, but they were 1.5 higher in 
California than in Galicia; lowest productivity was found in the ocean. Furthermore, 
we develop an algorithm to evaluate the relative contribution of: the seasonal cycle, 
temperature, salinity, upwelling index, chlorophyll a, and the annual fCO2 trend, to 
the fCO2
sw variability for each region of the two upwellings studied. The seasonal 
cycle, positive temperature anomalies, salinity, and chlorophyll explained the highest 
percentage of variability in Galicia, while negative temperature anomalies and 
upwelling index did so for California. This study is one of the first efforts that 
compare sea-air CO2 fluxes at long temporal scales between upwellings in Galicia and 
California, two of the most productive ocean ecosystems.  
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5.2.  Resumen 
A partir de una gran base de datos recogida entre 1997 y 2010, estimamos y 
comparamos los flujos anuales de CO2 e índices de afloramiento en las surgencias de 
Galicia y California. Esta base de datos incluye pCO2
sw, SST, y SSS recogidos por el 
Instituto de Investigaciones Marinas (Vigo, España) durante las campañas 
DYBAGA, ECO, REMODA y ZOTRACOS; y por el Instituto de Investigaciones 
del Acuario de la Bahía de Monterey (MBARI, por sus siglas en inglés; ubicado en 
California, EE.UU.) durante los cruceros SECRET y MBTS. Incluimos datos 
remotos de producción neta del ecosistema como un proxy de la actividad biológica, 
y el promedio del índice de afloramiento mensual en cinco y cuatro regiones de las 
surgencias en Galicia y California, respectivamente. Encontramos que el índice de 
afloramiento fue cuatro veces mayor en California que en Galicia, y que los eventos 
de hundimiento fueron más frecuentes y más variables en Galicia que en California. 
Galicia también presentó rangos de temperatura anual superiores a los de California, 
así como ∆fCO2 negativo y absorción en todas sus regiones durante todo el año, 
excepto en otoño. California presentó mayor variabilidad de ∆fCO2 a lo largo del 
año, y la mayor variabilidad se encontró más cerca a costa, con tasas de absorción 
más altas. Ambos sistemas de afloramiento presentaron valores más altos de 
productividad en las regiones cercanas a costa, pero fueron 1.5 veces más altas en 
California que en Galicia; la productividad más baja se encontró en el océano. 
Adicionalmente, desarrollamos un algoritmo para evaluar la contribución relativa de: 
el ciclo estacional, la temperatura, la salinidad, el índice de afloramiento, clorofila a, y 
la tendencia anual de los flujos de CO2, a la variabilidad de fCO2
sw para cada región 
de los dos sistemas de afloramiento. El ciclo estacional, anomalías positivas de 
temperatura, salinidad y clorofila explicaron el mayor porcentaje de variabilidad en 
Galicia, mientras que las anomalías de temperaturas negativas y el índice de 
afloramiento lo hicieron para California. Este estudio es uno de los primeros 
esfuerzos que compara los flujos de CO2 entre el océano y la atmósfera a escalas 
temporales largas entre los afloramientos gallegos y californianos, dos de los 
ecosistemas oceánicos más productivos. 
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5.3.  Introduction 
Eastern Boundary Upwelling Ecosystems (EBUEs) appear along the eastern margins 
of mayor ocean basins. Coastal, alongshore, and equatorward winds in these areas 
drive the surface Ekman layer offshore bringing deep-water to the surface, which is 
rich in nutrients and CO2, but low in oxygen. The rise of these nutrient-rich waters 
stimulates phytoplankton activity and synthesis of organic matter, making these 
coastal upwellings the most productive ocean ecosystems, key in the economic 
development of the countries where they occur (Quiñones 2010).  
The total primary production of EBUEs is about 2% of the global marine 
production (0.91 Gt C yr−1; Carr (2001)) in spite of representing only 0.3% of the 
global ocean. However, factors that regulate this primary productivity, such as the 
role of iron and other trace nutrients (Hutchins and Bruland 1998, Hutchins et al. 
2002, Franck et al. 2005) or the mesoscale physical variability (Álvarez-Salgado et al. 
2007, Henson and Thomas 2007, Morales et al. 2007), are still not totally understood. 
 EBUEs can be sources or sinks of CO2 to the atmosphere depending on the 
intensity of the upwelling event or the residence time of the upwelled waters over the 
continental shelf. Biological processes play a crucial role in determining sea surface 
pCO2 in these areas (Hayward 1991) because primary production (due to carbon 
fixation) reduces the near-surface pCO2 levels enabling oceanic CO2 absorption from 
the atmosphere (Miller 2003, Sabine et al. 2004). But sea-air CO2 fluxes in EBUEs 
and other coastal margin areas have been scarcely measured, and the net 
quantification of the sea-air CO2 exchange presents large uncertainties due to high 
biogeochemical and physical variability. 
There are few studies at long-term time scales and large spatial scales that could help 
assess the consequences and provide feedbacks on the effect that climate change can 
have on EBUEs. In the last years, increasing research has been conducted in these 
ecosystems to understand their forcings and biogeochemical features. But even 
though there has been a great advance in knowledge of key aspects of their 
biogeochemistry (Liu et al. 2010b, Lachkar and Gruber 2013, Capone and Hutchins 
2013, Lopes et al. 2014), the impact of climate variability on sea-air CO2 exchange 
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and biogeochemical cycles in these areas is not well understood. Identifying these 
shifts and understanding their mechanisms in EBUEs remains a major challenge for 
marine biogeochemistry.  
Even though EBUEs share some features, the significant heterogeneity within each 
upwelling complicates matters a little more: they present high variability in spatial and 
temporal topography, fresh water input, primary production, or intensity and length 
of the upwelling events. Several published analyses compare EBUEs from physical, 
productivity, or biogeochemical standpoints (Carr 2001, Thomas et al. 2001, 2004, 
Chen et al. 2003, Carr and Kearns 2003, Moloney et al. 2005, Fréon et al. 2006, 
Mackas et al. 2006, Taylor and Wolff 2007), but the comparison of air-sea CO2 fluxes 
between upwelling systems has not been addressed in detail because only in a few 
cases the studies covered different temporal and spatial scales.  
The Californian and Galician upwelling systems have been intensively sampled, and 
due to the closeness of prestigious marine research laboratories in each region, we 
were able to overcome the gaps in the seasonal distribution of these EBUEs. Both 
upwellings are located in the subtropics of the eastern north Pacific (between 21ºN-
47ºN) and eastern north Atlantic (between 41ºN-44ºN), respectively. At these 
latitudes, coastal winds are seasonal with northerly winds prevailing during spring 
and summer (upwelling season) and southerly predominating the rest of the year 
(downwelling season). Although the upwelling season is longer in California, both 
EBUS share several physical features. In the coasts of California and Galicia, 
equatorward winds show strong variability at interannual to decadal scales (Fréon et 
al. 2006); they cause strong offshore advection (Fréon et al. 2006), southward flow of 
surface currents (the California and Portugal Currents, respectively) that overlie a 
poleward-flowing counter current (the California Undercurrent and the Iberian 
Poleward Current (IPC), respectively). During downwelling events, the California 
Undercurrent and the IPC flow in response to southwesterly winds (Sverdrup et al. 
1942, Reid and Schwartzlose 1962, Pennington et al. 2010).  
Despite these physical similarities, each EBUE has particular features and therefore, 
are different in several ways. The Galician upwelling system lacks the presence of a 
shallow oxygen minimum zone (OMZ) in contrast to California, where an important 
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OMZ is present at intermediate depths (Kamykowski and Zentara 1990) due to 
reduced ventilation and high organic matter respiration rates (Levin 2003). OMZs 
affect some biogeochemical processes such as remineralization (Paulmier and Ruiz-
Pino 2009), so that the regions where they occur act as important sources of 
atmospheric CO2 (Ward et al. 1989, Cornejo et al. 2006, Farías et al. 2007). Another 
difference relies on the consumption of upwelled nutrients: the Californian upwelling 
system supports an intense primary production (PP) of 345 gC m-2 yr-1 at annual scale 
and a net ecosystem production (NEP) of 169 gC m-2 yr-1 (Quiñones 2010). The 
upwelling of strongly CO2 supersaturated waters produce high and variable pCO2
sw 
inshore, but low and homogeneous values offshore. The net effect between the CO2 
emissions and the biological CO2 drawdown during the active upwelling is 
equilibrium at annual scale ((Friederich et al. 2002, Chavez et al. 2003, Pennington et 
al. 2010), but climate variations such as El Niño, La Niña, and El Viejo can alter this 
balance in the California Upwelling System (Chavez et al. 2003).  
The Galicia coastline is mainly characterized by the presence of the Rías Baixas, four 
large (>2.5 km3) coastal embayments between 42ºN and 43ºN. The water exchange 
between the Rías Baixas and the open waters is drastically affected by the coastal 
wind pattern. Under northerly winds conditions, the Rías Baixas act as an extension 
of the shelf (Rosón et al. 1997, Álvarez-Salgado et al. 2000) whereas they are isolated 
during the downwelling-favorable season. As an example of this connection, 97% of 
the inorganic nitrogen that enters the Ría comes from the shelf and 3% from the 
rivers (Álvarez–Salgado et al. 2010). Additionally, the complex and distinctive 
landscape of the shoreline also favors the exchange of water and materials between 
the coastal zone and the adjacent ocean due to the IPC deformation during the 
upwelling season and SlopeWater Oceanic EDDIES during the downwelling season 
(Huthnance et al. 2002, Peliz et al. 2005, Varela et al. 2005). Moreover, depending on 
the coastal winds and the time of the year, a different water mass can upwell over the 
Galician shelf and into the Rías Baixas: the subtropical or the subpolar Eastern 
North Atlantic Central Waters (ENACW; Ríos et al. (1992)). These water masses 
have different chemical and thermohaline characteristics, but they carry less nutrient 
concentration due to the regular ventilation of the thermocline that occurs in Galicia, 
compared to waters upwelled off California (Castro et al. 2000). The different 
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fertilization in the Rías Baixas related to the presence of one of these ENACW has a 
significant biogeochemical impact on the biological production and sea-air CO2 
exchange (Padin et al. 2010). Regardless of the upwelled ENACW, surface 
chlorophyll maxima is observed in spring and autumn coinciding with the transition 
between downwelling and upwelling seasons that greatly modifies the phytoplankton 
succession at seasonal and shorter time scales (Crespo et al. 2007, Pérez et al. 2010). 
Phytoplankton activity in the Rías Baixas during the upwelling season yields a highly 
variable primary production that exceeds 10 gC m-2 d-1 with a mean value of 2.5±2.8 
gC m-2 d-1 (Cermeño et al. 2006). This gross synthesis of organic matter in the Ría of 
Vigo during the upwelling season becomes a Net Ecosystem Production (NEP) of 
0.90–1.13 gCm-2 d-1 (Moncoiff et al. 2000) from a respiration rate of around 65%. 
The coastal upwelling of Galicia acts as net CO2 sink that is related to the high 
flushing rates and the nutrient exhaustion, which cause a more intense and variable 
seawater CO2 undersaturation over the shelf than offshore or in the Rías Baixas, 
where intense CO2 emissions are observed during autumn.  
The objective of the present work is to estimate and compare the variability of 
annual CO2 fluxes and upwelling indexes (Iw) of the Galician and Californian 
upwellings. We joined information from two research institutions from 1997 to 2010 
to compare the seasonal and interannual CO2 fluxes, and the physical (upwelling and 
thermohaline variation) and biological forcings (chlorophyll and net ecosystem 
production). 
 
5.4.  Materials and Methods 
5.4.1.  Data compilation 
A database was put together to compare both upwelling systems; it gathered data 
from sampling stations covering the near-shore coastal ecosystem, shelf, and ocean. 
For California, we used underway pCO2 measurements collected by the Monterey 
Bay Aquarium Research Institute (Moss Landing, California) since 1997, when 
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quarterly cruises during the SECRET project (Studies of Ecological and Chemical 
Responses to Environmental Trends) occupied CalCOFI line 67 (California 
Cooperative Oceanic Fisheries Investigations), located just outside Monterey Bay 
(California, USA).  This line goes from 36.79ºN- 122.06ºW to 35.12ºN-125.61ºW. 
We also included data from the Monterey Bay Time Series (MBTS) stations occupied 
at 2–3 week intervals since mid-1989 aboard the R/V Point Lobos on single-day 
cruises. We discarded the first 3 km of data due the “noise” generated by coastal 
proximity. The rest of the line was divided in four zones according to its distance 
from coast: C1 (4-15 km from coast), M1 (16-40 km from coast), M2 (40-50 km 
from coast), and Ocean (all data further than 200 km from coast).  
 
Figure 5.1. Map of the Californian continental shelf and ocean outside Monterey Bay, showing the 
four studied zones: C1 (4-15 km from coast, yellow), M1 (16-40 km from coast, magenta), M2 (40-50 
km from coast, green), and Ocean (all data further than 200 km from coast, blue). xCO2atm was 
obtained from the ESRL station of Point Arena, to calculate the fCO2 disequilibrium for these four 
zones. Wind speeds were obtained from the CCMP database, at the node located in 35.13ºN-
123.13ºW (black diamond), to calculate the upwelling index for the California Upwelling System.  
 
For Galicia, we used underway pCO2 measurements collected during several 
oceanographic cruises made by the Marine Research Institute (Vigo, Spain): 
Dynamics and Biogeochemical short-scale variability in the Galician continental shelf 
– DYBAGA; Evolution of CO2 increase using ships of Opportunity: Galicia and Bay 
of Biscay – ECO; CUBE; Community Structure, Trophic Functioning, and 
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Biogeochemical Plankton Rates during downwelling in the Coastal Transition Zone 
of NW Spain – ZOTRACOS; and Reactivity of Dissolved Organic Matter in the 
upwelling system of the Ría de Vigo – REMODA. The underway measurements 
during these projects were initially logged with different frequencies, but were later 
averaged by 5-minutes and by cruise to obtain a mean value of each track crossing 
the continental shelf. The final database covered the area from 42ºN to 43ºN and 
from coast to 10.5ºW, the longitude that marks the eastern boundary of the Iberian 
Current (Mazé et al. 1997). The northern and southern limits were determined by the 
front between ENACWp and ENACWt (Fraga et al. 1982), which shifts from the 
south of 42ºN in spring to the north of 43ºN in autumn (Castro et al. 1997). This 
area was divided in five zones: “Inner” (data from 8.64ºW to 8.78ºW) and “Middle” 
(8.78ºW to 8.9ºW) for data measured within the Ría de Vigo, following the box 
criteria from Gago et al. (2003b); “Outer” for data measured outside the Ría de Vigo, 
from 8.9ºW until 50 m depth; “Shelf” for the data measured from 50-200 m depth; 
and “Ocean” for data measured from 200 m until 10.5ºW. 
 
Figure 5.2. Map of the Galician rías, continental shelf, and ocean, showing the five studied zones: 
“Inner” (data from 8.64ºW to 8.78ºW, yellow) and “Middle” (8.78ºW to 8.9ºW, magenta), following 
the box criteria from Gago et al. (2003b) for data measured inside the Ría de Vigo; “Outer” for the 
data measured outside the Ría de Vigo from 8.9ºW until 50m depth (green); “Shelf” for the data 
measured between 50-200 m depth (red); and “Ocean” for data measured from 200 m depth until 
10.5ºW (blue). xCO2atm was linearly interpolated from the ESRL stations of Mace Head and Azores, to 
calculate the fCO2 disequilibrium for the studied zones. Wind speeds were obtained from the CCMP 
database at the node located in 42.88ºN-9.38ºW (white diamond), to calculate the upwelling index for 
the Galicia Upwelling System. 
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The underway measurements from MBARI and the Marine Research Institute were 
complemented with fCO2
rec (recommended) data from SOCAT v2 (Pfeil et al. 2013, 
Bakker et al. 2014). The ETOPO2v2 bathymetry (National Geophysical Data Center 
et al. 2006) was used to merge depth for every measurement using a two-dimensional 
linear interpolation.  
NEP (the “available” carbon after substracting respired carbon from gross 
photosynthetic carbon fixation) was included in our database as a proxy of 
photosynthetic activity. It is available at the Ocean Productivity Platform of the 
Oregon State University (http://www.science.oregonstate.edu/ocean.productivity/), 
as a standard product. NEP is obtained from the Vertically Generalized Production 
Model (VGPM) (Behrenfeld and Falkowski 1997), a “chlorophyll-based” model that 
estimates NEP from chlorophyll (Chl a) using a temperature-dependent description 
of chlorophyll-specific photosynthetic efficiency. Thus, VGPM needs Chl a, SST, 
and photosynthetic active radiation (PAR) as inputs, which are obtained from 
MODIS or SeaWIFS. NEP is obtained as 8-day average fields with a spatial 
resolution of 1/6º at the equator (~18.52 km). NEP data were linearly interpolated to 
our positions.  
The upwelling index (Iw) was added as an ancillary variable and was estimated as the 
upwelled water flow per kilometer of coast following Wooster et al. (1976). Equation 
3.1 in Chapter 3 describes the equation. Positive (negative) values of Iw correspond to 
upwelling (downwelling) in the Californian and Galician Upwelling System. We 
obtained wind speeds at the locations of 35.13ºN-123.13ºW and 42.88ºN-9.38ºW 
(Figure 5.1 and Figure 5.2 show these nodes as the reference points for upwelling 
events on the Californian and Galician continental shelves, respectively). Six-hourly 
wind speed data were obtained from the Cross-Calibrated Multi-Platform (CCMP) 
(available at http://podaac.jpl.nasa.gov) that combine cross-calibrated satellite winds 
from Remote Sensing Systems (REMSS) using a Variational Analysis Method (VAM) 
to produce a high-resolution (0.25-degree) gridded analysis. REMSS uses a cross-
calibrated sea-surface emissivity model function that improves the consistency 
between wind speed retrievals from microwave radiometers (e.g. SSM/I, SSMIS, 
AMSR, TMI, and WindSat) and scatterometers (e.g. QuikSCAT and SeaWinds). The 
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VAM combines these data with in situ measurements and a starting estimate (first 
guess) of the wind field (either ECMWF ERA-40 Reanalysis or ECMWF 
Operational Analysis) and a processing level 4. All wind observations and analysis 
fields are referenced to a 10-meter height. A linear spatial interpolation was done to 
calculate wind speeds for the positions of our database. 
 
5.4.2.  Estimation of sea-air CO2 exchange 
The measured pCO2
sw data were converted to fCO2
sw referenced to in situ 
atmospheric pressure readings (Equation 2.8) and then applying the temperature 
correction factor of Takahashi et al. (1993) described in Equation 2.11 (Chapter 2). 
The CO2 exchange between the ocean and atmosphere (FCO2, in mol m
−2 yr−1) was 
calculated from Equation 2.12 (Chapter 2). We used the monthly mean CO2 transfer 
velocity (k) of Wanninkhof (1992) for short-scale winds, and the 6-hourly estimation 
of the zonal and meridional components of winds from CCMP. fCO2
atm was 
estimated from monthly values of xCO2
atm that were linearly interpolated versus 
latitude from observations recorded in meteorological stations of the NOAA-ESRL 
Global Monitoring Division: Trinidad Head (41.05ºN) and Point Arena (38.96ºN) 
for California, and Azores (Portugal. 38.77°N) and Mace Head (Ireland. 53.33°N) for 
Galicia. The final xCO2
atm dataset was then converted to pCO2
atm following 
Equations 2.7 and 3.2. The pCO2
atm values were then converted to fCO2
atm assuming 
a decrease of 0.3% from the pCO2
atm value (Weiss 1974), due to the non-ideal 
behavior of carbon dioxide (Gago et al. 2003b).  
 
5.4.3.  Biogeochemical variability affecting fCO2sw variability 
To evaluate the relative contribution of each factor affecting the fCO2
sw variability, an 
empirical algorithm was computed to fit fCO2
sw with the seasonal cycle (with four 
harmonics), the interannual trend, SST, SSS, Iw, and Chl a.  
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Multiple linear regression coefficients were obtained using a forward stepwise 
method where only significant parameters that accounted for at least 1% of the 
fCO2
sw variability were included in the algorithm. SST was decomposed in negative 
and positive anomalies (dependent on the seasonal cycle and including the 
interannual heating) to gather the non-linear response of fCO2
sw to SST in both 
EBUS. 
The relationship between the observed and estimated biogeochemical variability in 
California and Galicia was also analyzed from a decadal approach (long term), by 
correlating with the El Niño / Southern Oscillation (ENSO) and the North Atlantic 
Oscillation (NAO), respectively. Two areas were selected in both upwelling systems 
for this correlation: the coastal (M1 for California, and middle ría de Vigo for Galicia, 
both of which are directly affected by the upwelling of deep waters) and ocean 
regions. The selection of these climate indices among the different ones that 
characterize both oceanic basins was due to the potential impact ENSO and NAO 
can have on the ocean-atmosphere CO2 fluxes of both upwelling systems (Chavez et 
al. 2003, Patra et al. 2005). Both climate indices were obtained from 
http://www.esrl.noaa.gov.  
For California we specifically used the monthly values of the Multivariate ENSO 
Index (MEI) to describe the ENSO because it combines the significant features of all 
observed surface fields in the tropical Pacific (Wolter and Timlin 1998). El Niño is 
the most important ocean-atmosphere phenomenon that causes global climate 
variability at sub-decadal to decadal time scales (Chavez 1996); it manifests in the 
tropical Pacific. During El Niño events, the surface water over the eastern half of the 
tropical Pacific becomes anomalously warm when trade winds are weakened (Chavez 
et al. 2002). The opposite conditions prevail during the cold phase, La Niña. 
Although the center of ENSO action is located in the tropical Pacific, its climatic 
influence extends to a large area outside of the tropical Pacific through both oceanic 
and atmospheric dynamical connections. 
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The NAO consists of a north-south dipole of anomalies in the North Atlantic 
Ocean, with one center located over Greenland and the other center (of opposite 
sign) spanning the central latitudes of the North Atlantic between 35ºN and 40ºN 
(Hurrell 1995). The NAO index represents variability in surface westerly winds, 
which affect temperature distributions and other climatic conditions over the Euro-
Atlantic sector and a large part of the Eurasian continent. In addition to the monthly 
average, we also estimate the value of the winter NAO as an average between 
December and March whose impact on the formation conditions of the winter 
mixed layer may extend in terms of primary production and CO2 uptake beyond the 
season itself (Patra et al. 2005, Padin et al. 2011).  
 
5.5.  Results and Discussion 
5.5.1.  Seasonal fCO2sw variability 
To study the seasonal variability of upwelling, SST, NEP, fCO2
sw, and sea-air CO2 
fluxes, these variables were monthly averaged from the original daily values (Figure 
5.3). We found upwelling events during spring and summer in Galicia and California 
(Table 5.1, Figure 5.4): the highest upwelling rates took place in summer for both 
upwelling systems, but they were more than three times higher in California. The 
seasonal cycle decreased steadily until autumn and winter, when downwelling events 
were found in Galicia (Table 5.1, Figure 5.4). Even though Iw was higher in 
California, the SST range was lower (13.3ºC-17ºC) than in Galicia (12.3ºC-18.2ºC). 
The lowest temperatures were present at the beginning of spring coinciding with the 
start of the upwelling season; highest temperatures prevailed during August in 
Galicia, and September in California, coinciding with the decrease in upwelling rates 
(Table 5.1, Figure 5.4). 




Figure 5.3. Interannual variability of SST (ºC), ∆fCO2 (µatm), SSS, FCO2 (mmol C m-2 d-1). 
 
 
Figure 5.4. Mean and standard deviation for the Upwelling Index (Iw; m3 km-1 s-1) and SST (ºC) 
during a complete seasonal cycle in the Californian and Galician upwelling system. 
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Table 5.1. Mean and standard deviation for the Upwelling Index (Iw; m3 km-1 s-1) and SST (ºC) during 
a complete seasonal cycle in the Californian and Galician upwelling system. 
Month 
 Iw (m
3 km-1 s-1)  SST (ºC) 
 California Galicia  California Galicia 
1  649±708 -305±926  13.6±0.4 12.9±0.3 
2  686±750 60±825  13.4±0.4 12.4±0.3 
3  1162±850 280±795  13.3±0.4 12.3±0.2 
4  1565±820 485±719  13.5±0.4 12.7±0.3 
5  1875±772 294±650  14.0±0.5 13.8±0.4 
6  2004±774 555±611  14.6±0.5 15.7±0.4 
7  1484±645 619±556  15.8±0.4 17.2±0.3 
8  1388±573 495±558  16.8±0.5 18.2±0.3 
9  1167±532 352±539  17.0±0.4 18.0±0.4 
10  983±707 -31±784  16.7±0.4 16.6±0.5 
11  981±705 88±845  15.6±0.4 15.1±0.4 
12  671±733 -119±906  14.4±0.4 13.7±0.3 
 
The fCO2 gradient showed high undersaturation values in waters closer to the coast 
in California; the lowest values (-67 and -69 µatm) occurred in April and September, 
respectively (Table 5.2, Figure 5.5). All regions in Galicia showed higher ∆fCO2 
undersaturation values than California during the entire seasonal cycle; the lowest 
values occurred in may in the inner and middle ría de Vigo (-83 and -71 µatm), 
except for autumn where these regions showed oversaturation of +62 and +16 µatm, 
respectively (Table 5.3, Figure 5.6). In California, the highest ∆fCO2 oversaturation 
was more evident during spring in M1 (62 and 46 µatm) and M2 (41 and 21 µatm). 
The ocean region in California was only oversaturated during August and September 
coinciding with the beginning of the downwelling season (Figure 5.5). 




Figure 5.5. Monthly variability of ∆fCO2 (µatm), CO2 Flux (mmol C m-2 d-1), and NEP (mg m-2 d-1) 
in C1, M1, M2, and Ocean regions in the Californian Upwelling Systems. 
 
Proximal coastal waters of the Californian upwelling system absorbed CO2 
throughout the year, with the highest influxes (-1.6 mmol m-2 d-1) in June (Table 5.2, 
Figure 5.5). Offshore waters in M1, M2, and ocean showed a more clearly seasonal 
pattern. M1 and M2 presented the highest CO2 emissions for the entire region, 
reaching maximum values at the end of spring (+1.9 and +1.4 mmol m-2 d-1, 
respectively) and beginning of summer (+2.4 and +1.5 mmol m-2 d-1, respectively), 
and highest uptake at the end of summer and beginning of autumn, with fluxes 
around -0.6 mmol m-2 d-1. The ocean region presented the exact opposite pattern: 
highest absorption during spring (-3.6 mmol m-2 d-1) and highest emission at the 
beginning autumn (+2.0 mmol m-2 d-1), which coincides with the warmer 
temperature and decrease in upwelling rates found for this region (Table 5.2, Figure 
5.5). The Galician upwelling system absorbed CO2 throughout the entire seasonal 
cycle, with the highest air-sea fluxes in the inner ría in May (-9 mmol m-2 d-1); in the 
middle ría, outer ría, and shelf in March (-6.2, -5.5, -5.8 mmol m-2 d-1, respectively); 
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and in the ocean in April (-5.1 mmol m-2 d-1). CO2 emissions occurred during 
October in the inner, middle, and outer ría de Vigo (+6.6, +2.3, and +0.4 mmol m-2 
d-1), and also in November in the inner ría de Vigo (+3.4 mmol m-2 d-1) (Table 5.3, 
Figure 5.6). 
 
Figure 5.6. Monthly variability of ∆fCO2 (µatm), CO2 Flux (mmol C m-2 d-1), and NEP (mg m-2 d-1) 
in the Inner Ría, Middle Ría, Outer Ría, Shelf, and Ocean regions in the Galician Upwelling Systems. 
 
 






Table 5.2. Mean and standard deviation of the Net Ecosystem Production (NEP; mgC m-2 d-1), ∆fCO2 (µatm), and CO2 Flux (mmolC m-2 d-1) for the regions sampled in 
the Californian upwelling system during a complete seasonal cycle: C1 (4-15 km from coast), M1 (16-40 km from coast), M2 (40-50 km from coast), and ocean (data 
further than 200 km from coast). 
Month 
 ∆fCO2 (µatm)  FCO2 (mmolC m-2 d-1)  NEP (mgC m-2 d-1) 
 C1 M1 M2 Ocean  C1 M1 M2 Ocean  C1 M1 M2 Ocean 
1  16±26 4±28 4±26 -28±2  0.01±0.05 0.0±0.1 0.0±0.1 -0.8±0.3  900±225 793±142 769±122 536±88 
2  2±22 0±13 -2±13 -20±5  0.00±0.13 0.0±0.2 0.0±0.1 -0.2±0.4  1156±240 1055±124 1045±127 584±80 
3  -39±13 -21±29 -14±31 -24±27  -0.21±0.29 0.0±0.3 -0.3±0.6 -1.8±1.8  1821±565 1551±352 1439±356 669±110 
4  -67±30 -6±59 0±60 -29±2  -1.19±0.75 0.2±1.9 0.5±2.5 -2.3±0.4  2234±634 1689±468 1453±368 659±110 
5  -16±57 62±73 41±85 -17  -0.17±1.58 1.9±3.2 1.4±4.3 -3.6  2655±513 2090±412 1702±296 761±142 
6  -49±34 46±44 21±36 -1±14  -1.63±1.28 2.4±2.3 1.5±2.3 -0.2±2.2  2942±712 2434±631 2114±584 825±115 
7  -33±49 -5±46 1±45 7±5  -0.75±2.23 -0.1±1.8 0.2±2.1 0.6±0.8  2833±449 2398±534 2279±471 767±86 
8  -55±26 -24±23 -18±27 17±1  -1.33±0.56 -0.7±0.7 -0.6±0.7 1.6±0.2  3100±714 2538±460 2053±351 721±100 
9  -69±30 -27±12 -20±10 22  -1.05±0.38 -0.6±0.3 -0.6±0.3 2.0  2513±403 2070±437 1722±363 690±96 
10  -33±19 -6±7 -11±16 -13±11  -0.34±0.20 -0.2±0.2 -0.2±0.3 -0.5±0.7  2338±503 1580±472 1437±345 617±80 
11  -9±38 -3±15 -2±16 -19  -0.03±0.22 0.0±0.1 0.0±0.1 -0.4  1391±389 1087±246 942±172 605±96 
12  27±18 12±16 4±13 -23±3  0.07±0.07 0.0±0.0 0.0±0.1 -0.6±0.0  862±112 780±81 762±80 587±59 
 
 






Table 5.3. Mean and standard deviation of the Net Ecosystem Production (NEP; mgC m-2 d-1), ∆fCO2 (µatm), and CO2 Flux (mmolC m-2 d-1) for the regions sampled in 
the Galician upwelling system during a complete seasonal cycle: Inner Ría de Vigo (data located inside the ría, between 8.64ºW and 8.78ºW), Middle Ría de Vigo (data 
located inside the ría, between 8.78ºW and 8.9ºW), Outer Ría de Vigo (data located outside the ría, from 8.9ºW until 50 m depth), shelf (data measured from 50-200 m 
depth), and ocean (for data measured from 200 m until 10.5ºW). 
Month 
 ∆fCO2 (µatm)  FCO2 (mmolC m-2 d-1)  NEP (mgC m-2 d-1) 
 Inner  Middle  Outer  Shelf Ocean  Inner Middle Outer Shelf Ocean  Middle Outer Shelf Ocean 
1  -19±4 -16±12 -28±2 -34±14 -30±5  -4.3±2.0 -3.6±0.7 -2.0±1.4 -3.8±1.4 -1.7±1.3  756±173 703±133 423±74 365±33 
2  -16±3 -59±4 -45±32 -38±24 -34±11  -3.6±0.1 0.2±3.1 -2.0±1.2 -3.0±1.5 -3.2±1.4  1225±338 1195±298 770±236 470±79 
3  -66±11 -74±29 -56±27 -53±19 -35±19  -6.4±0.9 -6.2±0.1 -5.5±1.5 -5.8±1.8 -4.4±1.4  1420±225 1572±173 1140±152 907±131 
4  -53±40 -76±14 -73±11 -70±11 -57±20  -1.9±3.2 -3.6±2.2 -4.5±1.4 -2.9±1.0 -5.1±0.4  1729±227 1589±280 1377±226 1135±227 
5  -83±9 -71±13 -65±13 -38±10 -43±13  -9.0±5.4 -4.1±3.7 -3.9±2.2 -3.2±0.8 -4.5±2.6  1756±152 1647±169 1145±142 1159±115 
6  -39±14 -50±21 -47±10 -43±5 -31±3  -2.0±1.3 -2.9±3.0 -2.4±1.2 -1.9±0.5 -2.1±0.9  1574±198 1592±191 954±143 842±62 
7  -23±15 -32±14 -36±5 -34±4 -18±1  0.4±0.5 -1.1±0.1 -2.0±0.8 -2.7±1.2 -1.7±0.3  2110±387 1931±200 1044±172 723±61 
8  -33 -46±11 -17±2 -23±3 -23±5  -0.6± -3.0±0.6 -1.6±0.1 -1.1±0.3 -0.6±0.5  2055±201 2042±231 958±211 645±65 
9  23±30 -32±13 -33±6 -28±5 -22±2  2.5±1.6 -1.4±0.6 -2.4±1.0 -3.0±0.5 -2.8±0.5  1425±179 1587±207 733±134 535±66 
10  62±17 19±2 3±2 -18±1 -19±0  6.6±8.2 2.3±2.4 0.4±0.3 -1.3±0.3 -1.7±0.1  1227±373 1055±351 624±88 523±42 
11  36±11 12±26 4±19 -12±10 -29±2  3.4±1.0 -0.8±2.2 -0.8±1.3 -0.9±0.3 -3.3±1.7  840±231 926±187 557±67 481±42 
12  12±12 4±3 -25±3 -20±6 -32±4  0.2±0.7 0.6±0.5 -1.0±0.7 -2.9±0.8 -4.0±1.1  632±192 621±181 427±74 388±34 
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Net primary production was obtained from remote sensing for the two regions and 
interpolated to our fCO2 database. In the Californian upwelling system, net primary 
production decreased towards the ocean. The regions closer to coast (C1, M1, and 
M2) presented a clear seasonal cycle with lower than 1200 mgC m-2 d-1 values during 
winter that increased up to highest values of 3100 mgC m-2 d-1 in summer (Table 5.2, 
Figure 5.5). Productivity values in the ocean region of California were three times 
lower than in C1. Productivity also decreased towards the shelf and ocean in the 
Galician upwelling system with lowest values in winter (<450 mgC m-2 d-1) and 
highest in spring, up to 1377 mgC m-2 d-1, at the start of the upwelling season (Table 
5.3, Figure 5.6). The middle and outer ría de Vigo presented the highest productivity 
(2110 and 2042 mgC m-2 d-1, respectively), which peaked halfway through the 
upwelling season (July and August, respectively). 
At seasonal scale, temperature in Galicia is lower than in California in winter and 
spring, but higher in summer and similar in autumn. ∆fCO2 is higher in California 
because upwelled waters are older and present higher DIC and nutrients than in 
Galicia, because the upwelled waters (ENACWsp) are produced in the region of the 
ventilated thermocline, with low nutrient and CO2 enrichment (Castro et al. 2000, 
Arístegui et al. 2006, Quiñones 2010) The Galician upwelling is produced in pulses 
(Álvarez-Salgado et al. 1993) that allow a more effective CO2 uptake by 
phytoplankton, which coincides with a higher CO2 sink in all regions in Galicia. 
California presents an added problem: limitation by iron. Therefore, although the 
Galician upwelling is less intense than in California, productivity values are in the 
same order of magnitude. 
 
5.5.2.  Biogeochemical forcings 
We adjusted the mean fCO2
sw values using a multiple linear regression (MLR) using 
the global database. The algorithm was composed of a seasonal cycle (with four 
harmonics) and an interannual component; temperature (SST), salinity (SSS), 
upwelling index (Iw), and chlorophyll a (Chla) were used as independent variables (see 
section 5.4.3 and equation 5.1). SST was decomposed in negative and positive 
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anomalies (dependent on the seasonal cycle) to gather the non-linear response of 
fCO2
sw to SST in both EBUS. Table 5.4 shows the results of the linear adjustment 
through an MLR: the regression coefficients for each predictor variable, and the 
percentage of explained variability by each factor. 
The fCO2
sw variability was better explained by the seasonal cycle in the Ría de Vigo 
than in California. The four harmonics used in the algorithm explained more than 
half of the adjusted fCO2
sw variability along the Galician coast, even though the 
seasonality was more evident in oceanic waters off California (where the algorithm 
explained 75% of the adjusted distribution; Table 5.4). Negative anomalies of SST 
associated to the upwelling of cold subsurface waters showed an inverse relation with 
fCO2
sw (Table 5.4). The impact of these negative anomalies was slightly higher in the 
Californian upwelling (where they explained more than 50% of the adjusted variance) 
compared to Galicia (where they explained less than 30%). Water-cooling in the 
Californian proximal shelf can lead to an fCO2
sw increase up to 68 µatm ºC-1, but in 
the internal part of Ría de Vigo it can only lead to an increase of 16 µatm ºC-1. 
Positive anomalies of SST showed a much weaker control over fCO2
sw than the 
negative ones: they were only significant in Galician oceanic waters and in the 
intermediate zone of the Ría, but they explained less than 20% of the adjusted 
variance (Table 5.4). In California, they were significant near the coast and over the 
shelf, but they explained less than 10% of the adjusted variability. However, the 
inverse correlation between positive SST anomalies and fCO2
sw points to a different 
process controlling CO2 solubility in California (probably downwelling). 
The positive SSS coefficients point to the presence of upwelled water, or even saltier 
subtropical waters with higher fCO2
sw values (Table 5.4). The regression for the near-
shore zone in Galicia and California wasn’t significant, probably due to the effect of 
freshwater discharge. The influence of SSS on fCO2
sw was higher on the Californian 
proximal shelf (with 70 µatm fCO2
sw increase by SSS unit), even though it only 
explained 8% of the adjusted variance. In Galicia, the impact of SSS on fCO2
sw was 
higher in the ocean region (fCO2
sw increased 22 µatm by SSS unit) where it explained 
38% if the adjusted variability. 
 





Table 5.4. Regression coefficients for each predictor variable considered in the multiple linear regression (MLR) model adjusted to the mean fCO2sw values in the Galician 
and Californian Upwelling Systems. r2’ is the percentage of normalized fCO2sw variability explained by Temperature (SST; positive and negative anomalies), salinity (SSS), 








































                  
Inner 360±4 37 54 28 121 -16±7 11     0.005±0.002  -4±1 15   
Middle 333±2 32 62 44 111 -10±4 4 7±3 5 4±2 4 0.003±0.001  -2±1 5 2.3±0.9 1 
Outer 328±2 25 66 42 90 -9±3 4   9±2 10   -4±1 9   
Shelf 327±1 18 68 34 54     17±2 26 0.025±0.000  -4±1 7 1.9±0.3 2 
Ocean 332±1 11 68 30 32   8±2 11 22±3 16 0.002±0.001  -6±2 7 2.3±0.3 2 









                   
                  
C1 357±5 52 54 15 100 -66±7 28 -13±6 1     -7±1 13 1.8±0.9 1 
M1 387±5 52 63 12 115 -68±7 32 -9±7 1 70±14 5 0.012±0.004  -8±1 12 4±1 1 
M2 385±5 53 55 9 95 -62±7 36 -16±7 3 56±15 5   -5±2 2 4±1 1 
Ocean 360±2 11 57 43 36       0.013±0.004 14     
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Positive upwelling coefficients showed a small but direct relation between fCO2
sw 
increase and upwelling, although partial correlation coefficients were only significant 
for the ocean zone in California, where upwelling explained 25% of the fCO2
sw 
variability (Table 5.4). Furthermore, biological uptake was seen by the negative Chla 
coefficients, which increased toward the ocean in Galicia, and toward the proximal 
shelf in California (Table 5.4). Chla explained more than 20% of the fCO2
sw 
variability in zones closer to shore in both upwelling systems. 
The trend of the interannual fCO2
sw variability showed a low weight (Table 5.4), and 
explained a low percentage. This might be due to the fact that we only include 13 
years in the algorithm; including a longer time period might increase the explained 
variability of the fCO2
sw trend.  
From the coefficients obtained in Table 5.4 and Equation 5.1, we calculated the 
seasonal variability of fCO2
sw per Julian day for the regions in each upwelling system. 
We found that all the studied zones in the Californian upwelling showed higher 
average fCO2
sw than Galicia, except for the one closer to coast where saturation 
values were similar (Table 5.4, Figure 5.7). We found an opposite spatial distribution 
of fCO2
sw in both upwelling systems: while the near-shore and distal Galician 
continental shelf showed the maximum and minimum values (respectively), these 
same regions showed the lowest and highest fCO2
sw in California (Figure 5.7, Table 
5.4). The seasonal fCO2
sw variability in the Ría de Vigo showed a multimodal pattern 
with several seasonal peaks, while in California it showed a slightly bimodal 
distribution. The amplitude of the seasonal cycle was highest near-shore and 
decreased towards the ocean in both upwelling systems (Figure 5.7). However, the 
seasonal phases were opposite: in Galicia, the minimum and maximum fCO2
sw values 
occurred during spring and autumn, but in California they occurred during summer 
and spring, respectively. Oceanic waters of both regions presented a clear seasonal 
pattern, with minimum values in spring and maximum values in summer. 




Figure 5.7. Seasonal fCO2sw variability in the Galician and Californian upwelling systems. For the 
Galician upwelling (solid lines): the inner (yellow), middle (purple), and outer (green) Ría de Vigo, the 
continental shelf (red), and the ocean (blue) regions are shown. For the Californian upwelling (dotted 
lines): the regions C1 (4-15 km from coast; yellow), M1 (16-40 km from coast; purple), M2 (40-50 km 
from coast; green), and ocean (data further than 200km from coast; blue) regions are shown. 
 
5.5.3.  Interannual variability 
In order to evaluate how the upwelling affects primary productivity in each upwelling 
system, we calculated the two-month running mean upwelling index and the annual 
NEP per zone in both upwelling systems (Figure 5.8). Upwelling regions calculated 
from CCMP winds are stronger in California than in Galicia, where they presented a 
wider seasonal range. Upwellings predominate in California, with only four 
downwelling events over the period 1997-2010, during autumn and winter. The 
highest upwelling index in California (1096 m3 km-1 s-1) occurred in spring 2008, and 
the highest downwelling (-475 m3 km-1 s-1) during winter 1998. 




Figure 5.8. Upwelling Index and Production variability in the Californian and Galician upwelling 
Systems. The upper panel shows two-month running mean Upwelling index (Iw in m3 km-1 s-1), the 
middle panel shows the annual average of the Net Ecosystem Production (NEP, mgC m-2 d-1) by 
region, and the lower panel shows the spatial and temporal distribution of the Net Ecosystem 
Production (NEP, mgC m-2 d-1) from coast to 320 km offshore, and from 1997-2010. 
 
Upwelling events in Galicia are intercalated with downwelling events, contrary to 
what occurs in California (Figure 5.8). The strongest upwelling (1074 m3 km-1 s-1) was 
recorded in winter 2005, and the strongest downwelling was found in winter 2001    
(-1555 m3 km-1 s-1) coinciding with somewhat high levels of NEP (~1800 mg m-2 d-1) 
within the first 40 km from coast in Galicia. 
The production values were 1.5 times higher in California than in Galicia. Production 
in the region closer to coast in California was lowest in 1997 with ~1500, and 
reached highest production values from 2004 to 2007 (>2500 mgC m-2 d-1). M1 and 
M2 had similar productivity values, lower than in C1. Productivity continued to 
decrease offshore, where the ocean reached values between 500-800 mgC m-2 d-1, 
similar to those found in the ocean region of Galicia. The most productive regions in 
Galicia were the middle and outer ría de Vigo; values were similar throughout our 
study period, but they seem to be a little bit higher in 1998, 2001, 2006, 2007, and 
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2009, around 1500-1600 mgC m-2 d-1, coinciding with high rates of downwelling. 
Productivity in Galicia also decreases offshore, with the shelf and ocean presenting 
similar values. 
The first 50 km from shore were the most productive in both EBUS, although 
higher productivity was seen in California (Figure 5.8). In both EBUS the 
productivity was extended beyond the coast and to the ocean, probably transported 
offshore through eddies and swoodies. 
The correlation between the biogeochemical variability and the MEI Index in the 
coastal area of California reaffirms the results found with the algorithm, particularly 
regarding the impact of upwelling variability on CO2 fluxes. Table 5.5 shows the 
inverse relationship between SST-∆fCO2 and NEP-∆fCO2, as well as the positive 
relation between SSS-∆fCO2 and Iw-∆fCO2; these findings confirm the presence of 
deep, cold waters due to upwelling, and the posterior CO2 absorption by 
phytoplankton. This effect is not observed in the ocean where the SST-∆fCO2 
relation is positive, pointing towards solubility dominating the upwelling processes, 
in spite of the direct relation Iw-∆fCO2. Comparing with ENSO we observed a 
positive relation with temperature, and negative with salinity, gradient, and CO2 flux. 
This result was the expected, due to the fact that during positive ENSO, winter 
conditions seem to extend along the seasonal cycle (i.e. the downwelling season), 








Table 5.5. Correlation between ENSO (NAO and winter NAO) Index (es) and various monthly averages of observed and estimated variables for M1 (middle ría) and Ocean 
region of the California (Galicia) Upwelling System. 
 
CALIFORNIA  GALICIA   
              
M1      Middle        
 SST SSS ∆fCO2 FCO2   SST SSS ∆fCO2 FCO2 NEP   
SSS -0.22     SSS 0.41       
 0.00      0.00       
∆fCO2 -0.62 0.39    ∆fCO2 0.12       
 0.00 0.00     0.05       
FCO2 -0.53 0.37 0.92   FCO2 0.19 0.14 0.73     
 0.00 0.00 0.00    0.00 0.04 0.00     
NEP  0.17 -0.14   Iw   -0.10     
  0.02 0.07      0.05     
Iw -0.23 0.23 0.31 0.29  NAO  0.15 -0.09     
 0.00 0.00 0.00 0.00    0.03 0.04     
MEI 0.33 -0.19 -0.22 -0.16  wNAO   -0.14 -0.11 -0.36   
 0.00 0.00 0.00 0.00     0.04 0.05 0.00   
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CALIFORNIA  GALICIA 
              
Ocean      Ocean        
 SST SSS ∆fCO2 FCO2   SST SSS ∆fCO2 FCO2 NEP Iw NAO 
∆fCO2 0.57 0.34    SSS 0.15       
 0.00 0.04     0.03       
FCO2 0.45 0.31 0.84   ∆fCO2 0.66 0.39      
 0.01 0.07 0.00    0.00 0.00      
Iw  0.27 0.45 0.34  F 0.40 0.23 0.52     
  0.11 0.00 0.04   0.00 0.00 0.00     
      NEP -0.11 0.29      
       0.05 0.00      
      Iw  -0.11 -0.17  0.32   
        0.05 0.01  0.00   
      NAO  0.20  0.18    
        0.00  0.01    
      wNAO -0.29  -0.31 -0.20  -0.23 0.14 
       0.00  0.00 0.00  0.00 0.03 
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The correlation between the biogeochemical variability and the NAO and winter 
NAO (wNAO) in the coastal area of Galicia shows a negative relation wNAO-Iw that 
points towards a negative phase of the wNAO that increases de gradient seen in 
Galicia; also, the negative relation Iw-∆fCO2 points in these direction as well: a 
negative NAO that points to the decrease of ∆fCO2 by effect of upwelling. A 
negative relation Iw-grad: positive Iw (upwelling) decrease gradient; a negative 
relation NAO-grad: negative NAO increase gradient; a negative relation wNAO-
grad:  negative winter NAO increases gradient; a negative relation wNAO-NEP: 
negative wNAO increases productivity; a negative relation wNAO-FCO2: negative 
wNAO increases fluxes; a negative relation wNAO-Iw: negative wNAO increases 
upwellings; a positive relation flux-grad: increased gradient increases fluxes; a positive 
relation SST-∆fCO2, which points towards a decrease in CO2 solubility and the 
consequent escape of CO2 from the ocean surface, decreasing fCO2sw and 
increasing ∆fCO2. 
 
5.6.  Conclusions 
The interannual variability of the upwelling index showed more variability in the 
Galician upwelling, with wider range (2629 m-3 km-1 s-1) than California (1575 m-3 km-
1 s-1). The temperature also varied more in Galicia (5.8ºC) than in California (3.7ºC). 
The Californian upwelling system seems to be increasing, whereas in Galicia this 
trend is not so clear. However, the existing database for California is product of a 
continuous monitoring effort that doesn’t occur in Galicia, where the monitoring is 
product of different projects that are discontinuous in time. 
From the algorithm, the interannual fCO2
sw variation in Galicia seems to follow the 
atmospheric trend. Even though it is necessary to attend to wind variation, no 
change in the gradient is expected. 
Positive wNAO index is related to the entrance of subpolar ENACW to the Galician 
Upwelling system; this means an increase in the winter mixed layer and fertilization 
rates, both of which lower the fCO2
sw and increase absorption rates in Galicia. The 
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negative correlation between MEI and ∆fCO2 in the coastal regions of California also 
point to the entrance of subsurface waters rich in CO2 and nutrients that fuel the 
phytoplankton production and reduce the surface values of fCO2, which also 





































“[…] nos sentimos con el derecho de creer que todavía no es demasiado 
tarde para emprender la creación de la utopía contraria. Una nueva y 
arrasadora utopía de la vida, donde nadie pueda decidir por otros hasta 
la forma de morir, donde de veras sea cierto el amor y sea posible la 
felicidad, y donde las estirpes condenadas a cien años de soledad tengan 
por fin y para siempre una segunda oportunidad sobre la tierra […].” 
 
Gabriel García Márquez. 1982. La Soledad de América Latina. 












El continuo aumento de CO2 en la atmósfera incrementa este gas en la superficie del 
océano que, finalmente penetra en las masas de agua profundas mediante circulación. 
El océano costero juega un papel importante en la plataforma continental de Galicia 
que presentó una marcada estacionalidad en todo el periodo de muestreo, con 
inviernos que presentaron los valores más bajos de SST, SSS, y clorofila-a (Chla). Sin 
embargo, una fuerte variabilidad interanual se encontró entre los inviernos 
muestreados, especialmente durante el invierno 2001/2002, cuando el predominio de 
vientos del suroeste favoreció el hundimiento costero y la presencia de aguas 
subtropicales en la plataforma continental, transportadas hacia el norte por la 
corriente Ibérica hacia el polo. SST2 explicó la variabilidad de ΔfCO2 en invierno. En 
primavera, la Chla2 resultó ser un importante motor de los cambios en ΔfCO2. 
Descensos intensos en fCO2 coincidieron con los valores medios moderados de 
Chla, que mostraron una absorción de CO2 biológica eficaz. Pulsos de afloramiento 
con aguas ricas en CO2 minimizan el efecto del afloramiento primaveral en la 
distribución de fCO2 acortando el período de tiempo de absorción biológica CO2, 
aunque no se observó sobresaturación de CO2 de las aguas superficiales. Bajos 
valores de SSS, FCO2 y altos de Chla se encontraron en esta estación. En verano, los 
vientos de componente norte prevalecieron, y por ello las condiciones fueron 
favorables para el afloramiento. El factor principal que explicó la variabilidad de 
fCO2 en verano fue SST. En otoño el fuerte viento causó la ruptura de la 
estratificación de verano, activando la floración de fitoplancton otoñal y el aumento 
de los valores de fCO2 hasta valores de fCO2 atmosférico que superó en algunos 
eventos. En general, la plataforma continental gallega se comportó como sumidero 
continuo y significativo de CO2, a pesar de la variabilidad observada a diferentes 
escalas temporales. La variabilidad más importante se midió durante el invierno y 
primavera, debido a cambios sustanciales en las entradas de agua dulce que llegan a la 
región a escala interanual. Las mediciones anuales fCO2 mostraron valores inferiores 
a los reportados previamente, mostrando una variabilidad excepcional que podría 
subestimar en un 65% la absorción de CO2 de la plataforma continental de Galicia a 




incertidumbres fCO2, mejorando el uso de la ampliación de métodos para estudiar el 
intercambio de CO2 mar-aire en el océano costero mundial. 
 
El desarrollo de modelos sencillos de carbonato y nutrientes nos permitió ver lo que 
podría suceder en futuros escenarios de cambio climático debidos al aumento 
continuo de CO2 oceánico. La conclusión más importante extraída de este estudio es 
que la inclusión de nutrientes preformados como aproximación de la absorción 
biológica nos mostró la importancia de esta variable en la reducción de pCO2 de 
aguas superficiales. Los efectos que la interrupción, desaceleración o inexistencia de 
fotosíntesis tendrían sobre la disminución del pH en agua de mar y sobre el aumento 
de la solubilidad del carbonato de calcio usado como esqueleto y concha de corales y 
otros organismos pelágicos y bentónicos calcificadores, generalmente se traduce en 
una desaceleración de los procesos generales de calcificación mediante mecanismos 
que están empezando a ser entendidos. El descenso de calcificación podría tener 
impactos negativos en los ecosistemas marinos, con los consiguientes efectos en las 
pesquerías marinas locales y la protección de las costas contra las tormentas. La 
abundancia de especies de importancia comercial de mariscos (es decir, almejas, 
ostras, erizos de mar) también podría disminuir, lo que podría tener graves 
consecuencias para los recursos alimenticios marinos. 
 
La variabilidad interanual del índice de surgencia mostró más variabilidad en el 
afloramiento de Galicia, con un rango más amplio (2629 m-3 km-1 s-1) en California 
(1575 m-3 km-1 s-1). La temperatura también varió más en Galicia (5.8ºC) que en 
California (3.7ºC). El sistema de afloramiento de California parece ir en aumento, 
mientras que en Galicia esta tendencia no es tan clara. Sin embargo, la base de datos 
existente para California es producto de un esfuerzo continuo de vigilancia que no 
ocurre en Galicia, donde los muestreos son producto de diferentes proyectos que son 
discontinuos en el tiempo. A partir del algoritmo, la variación interanual de fCO2
sw en 
Galicia parece seguir la tendencia atmosférica. Aunque es necesario atender a la 




positivo está relacionado con la entrada de ENACW subpolar al sistema de 
afloramiento de Galicia; esto significa un aumento en la capa de mezcla de invierno y 
en las tasas fertilización, los cuales disminuyen el fCO2
sw y aumentan las tasas de 
absorción de CO2 en Galicia. La correlación negativa entre MEI y ΔfCO2 en las 
regiones costeras de California también apuntan a la entrada de aguas 
subsuperficiales ricas en CO2 y nutrientes que alimentan la producción de 
fitoplancton y reducen los valores en superficie de fCO2, que también aumenta la 
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Annex A. Inorganic Carbon Dynamics 
Physical and biological processes control changes in the properties of the CO2 
system. Physical processes, such as solar energy input, sea–air heat exchanges and 
mixed-layer thickness, mainly regulate water temperature, which affects the CO2 
system by influencing the solubility coefficient and dissociation constants. Salinity 
changes also determine equilibrium constants; these changes are also associated with 
evaporation and precipitation processes that concentrate and dilute TCO2 and AT, 
respectively. The biological processes – such as photosynthesis, respiration and 
calcification, added to the upwelling of subsurface waters enriched in respired CO2 
and nutrients – primarily control TCO2 and AT. So, the ocean’s capacity to uptake 
atmospheric CO2 – of anthropogenic and natural origin – is controlled by the physical 
or solubility pump, the biological pump, and the carbonate pump.  
 
The Physical/Solubility Pump  
The solubility pump represents the combined action between the thermohaline 
circulation and the solubility of CO2 in seawater; the latter depends inversely on the 
temperature and the Revelle factor (Revelle and Suess 1957), which is a 
thermodynamic response known as “tampon factor”. High latitude regions of water 
mass formation present enriched CO2 waters that sink and are transported into the 
ocean’s interior in what is known as “The Conveyor Belt” (Broecker 1991). As said 
before and as shown in Figure 1.4, these regions act as CO2 sinks. The contrary 
occurs in subtropical and tropical upwelling zones that act as general sources of CO2 
to the atmosphere. 
 
The Biological Pump 
The ocean’s biological pump incorporates CO2 into the food web producing organic 
matter (OM) from dissolved inorganic carbon (DIC), light and nutrients by 
photosynthesis (carbon fixation). The near-surface pCO2 is maintained at low values 
186 ANEXO A. 
 
 
because carbon transfer from the atmosphere into the oceans is promoted by 
diffusion (Pennington et al. 2010). Therefore, the biological pump plays a critical role 
in removing atmospheric CO2 in combination with physical and chemical processes 
(Sarmiento and Gruber 2006b). CO2 is also returned to the photic layer when OM is 
oxidized or remineralized.  
 
The Carbonate Pump 
This pump works through the formation of calcareous shells by certain oceanic 
microorganisms in the surface ocean (such as coccolithophorids, foraminifera and 
pteropods), which, after sinking, are re-mineralized back into bicarbonate and 
calcium ions. There are certain benthic organisms (corals, mollusks, certain types of 
polychaetes) that also precipitate calcium carbonate (CaCO3) in their shells or 
skeletons. The carbonate pump operates opposite to the biological soft-tissue pump 
with respect to its effect on CO2: in the formation of calcareous shells, two 
bicarbonate ions are split into one carbonate and one dissolved CO2 molecules, 
which increases the partial CO2 pressure in surface waters (driving a release of CO2 
to the atmosphere).  
!"+2 + 2!"#3− ↔ !"!#3 + !"2 + !2! 
Only a small fraction (~0.2 PgC yr–1) of the carbon exported by biological processes 
(both soft-tissue and carbonate pumps) from the surface reaches the sea floor where 
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Annex B. Approximation of the gas transfer coefficient (k) 
The gas transfer coefficient is needed to calculate de CO2 flux between the ocean and 
the atmosphere, but its calculation is the biggest source of uncertainty nowadays. 
Calculation of k is based on theoretical, laboratory, and field works that have shown 
that it depends on water turbulence, which is why it is majorly controlled by wind 
tension. But k also depends on the molecular diffusivity of each gas, which is a 
function of temperature and salinity. This property is determined by the Schmidt 
number, which expresses the relationship between the kinematic viscosity of water 
(m2 s-1) and the molecular diffusion coefficient of the gas (m2 s-1). 
Other authors have parameterized k as linear (Liss and Merlivat 1986), quadratic 
(Wanninkhof 1992, Nightingale et al. 2000b, Ho et al. 2006), cubic (Wanninkhof and 
McGillis 1999), or as hybrid (Wanninkhof et al. 2009) (Table A1). 
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TABLE A1. Parameterizations to calculate the gas transfer coefficient, k, used in the CO2 flux calculations.  
AUTHORS PARAMETERIZATION WINDS NOTES 
    
Liss and Merlivat 
(1986) 
k600 = 0.177*U10 Winds < 3.6m/s Smooth water regime 
k600 = 2.85*U - 9.65 3.6 <  Winds < 13m/s Rough water regime 
k600 = 5.9U - 49.3 Winds > 13m/s Breaking waves 
  
Wanninkhof et al. (2009) state that the 
relationship of Liss & Merlivat (1986) yields 
global fluxes that are approximately 50% 
lower than Wanninkhof (1992) 
    
Woolf and Thorpe 
(1991) 
Ko = 0.17*U10*(600/Sc)2/3 U10 < U1 Smooth water regime 
Ko = (2.85*U10 - 9.65) * 
(600/Sc)1/2 U10 > U1 
Rough water regime 
 
U1 = 9.65 * [2.85 - 0.17 
(600/Sc)1/6]-1 
  
    
Wanninkhof (1992) 
kav = 0.39 * Uav2 * (Sc/660)-0.5 
For long-term averaged wind speed 
squared 
Sc=660 for seawater at 20ºC, and Sc=600 
for freshwater at a 20ºC. Wanninkhof 
(1992) used the global bomb 14C constraint 
(Broecker et al. 1985) and wind-wave tank 
results, and suggested that k scaled with 
U102 (Wanninkhof and Bliven 1991). 
k = 0.31*U2*(Sc/660)-0.5 
Steady winds; from spot 
measurements using shipboard 
anemometers; and from wind 
speeds derived from scatterometers 
or radiometers 
    
Wanninkhof and 
McGillis (1999) k = 0.0283*U10
3*(Sc/660)-1/2 Short-term winds   
    
Nightingale et al. 
(2000a) k600 = 0.061*U10 + 0.24*U10
2  
In an open ocean algal bloom 
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AUTHORS PARAMETERIZATION WINDS NOTES 
    
Nightingale et al. 
(2000b)  k600 =0.333*U10 + 0.222*U10
2  
Fetch limited environments (coastal seas) 
    
McGillis et al. (2001) k660 = 3.3 + 0.026*U103  
  
    
McGillis et al. (2004) k660 = 8.2 + 0.014*U103  
 
    
Ho et al. (2006) k600 = 0.266*U102 > 16 m/s 
Deliberate tracer study with 3He and SF6 in 
the Southern Ocean near New Zealand that 
included measurements at high wind (up to 
16 m/s). 
    
Sweeney et al. (2007) k660 = 0.27 * U102 * (Sc/660)-0.5  
Taking into account earlier suggestions that 
the bomb 14C inventory estimated by 
Broecker and colleagues (1985, 1995) was 
approximately 25% too high (Hesshaimer et 
al. 1994, Peacock 2004), Sweeney and 
coworkers (2007) performed a more robust 
analysis that used inverse modeling to 
deduce that the gas transfer–wind speed 
relationship was approximately 33% lower 
than the estimate in Wanninkhof (1992). 
    
Jiang et al. (2008) k600 = 0.314 * U10
2 - 0.436 * U10 + 
3.990 
From regressing literature winds in 
coastal environments 
 
    
Takahashi et al. 
(2009) k660 = 0.26*U10
2*(Sc/660)-0.5 
Average of the squared "short 
term" winds.  Using this rather than 
the average winds squared can make 
an appreciable difference 
particularly near the coast. 
Used in the climatology of Takahashi et al. 
(2009), considering Wanninkhof (1992), 
Nightingale et al. (2000b) and Wanninkhof 
et al. (2004) 
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AUTHORS PARAMETERIZATION WINDS NOTES 
    
Wanninkhof et al. 
(2009) 
k660 = 3 + 0.1*U10 + 0.064*U102 + 
0.011*U103  
 
    
Park et al. (2010) kym = 0.22 * <U10ym2> (Scym/660)-0.5  
<U10ym2> = second moment of wind at 10m 
above sea surface representing the variance 
of the 6-hourly wind speeds for each grid 
cell over ym. The proportionality coefficient 
of 0.22 for <U102> is derived from the 
coefficient of 0.26 for monthly mean wind 
speed (<U10>) and global mean 
<U102>/<U102>  of 1.2 for ice-free oceans 
(0.26/1.2 = 0.22) used by Takahashi et al. 
(2009a). The coefficient of 0.26 differs from 
that of 0.39 proposed by Wanninkhof 
(1992) and is based on an updated global 
gas transfer velocity based on the 
partitioning of the global bomb-14C 
inventory between atmosphere and ocean 
utilizing a global ocean circulation model 
(Sweeney et al. 2007). 
    
Ho et al. (2011) k600 = 0.262*U102 * (ScSST/600)-0.5       
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Annex C. List Of Acronyms 
AEMET Agencia Estatal de Meteorología 
AMO Atlantic Multidecadal Oscillation 
AMSR-E Advanced Microwave Scanning Radiometer of NASAs Earth 
Observing System 
AOU Apparent Oxygen Utilization 
AR Assessment Report 
AV Simple averaging merging technique 
AVW Weighted averaging merging technique 
CaCO3 Calcium carbonate 
CalCOFI California Cooperative Fisheries Investigations 
CC California Current 
CCMP Cross Calibrated, Multi-Platform Ocean Surface Wind Velocity 
project 
CCS California Current System 
CD Empirical dimensionless drag coefficient with a value of 1.4 x 10
-3, 
according to Hidy (1972). 
CDIAC Carbon Dioxide Information Analysis Center 
CH4 Methane 
CHL1 GlobColours chlorophyll-a concentration for case-1 water 
CO2 Carbon dioxide !"!!! Carbonate ions 
COADS Comprehensive Ocean-Atmosphere Data Set 
CU California Undercurrent 
CUS California Upwelling System 
DIC Dissolved inorganic carbon 
DOE Department of Energy 
DYBAGA Dynamics and Biogeochemical variability in the Galician continental 
shelf at short-scale 
EAP Eastern Atlantic Pattern 
EBUEs Eastern Boundary Upwelling Ecosystems 
ECMWF European Center for Medium-Range Weather Forecasts 
ECO Evolution of CO2 increase using ships of Opportunity: Galicia and 
Bay of Biscay 
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ENAWsp Subpolar Eastern North Atlantic Water 
ENAWst Subtropical Eastern North Atlantic Water 
ENSO El Niño Southern Oscillation 
ENVISAT ESA’s Environmental Satellite 
EOS NASAs Aqua Earth Observing System mission 
ESA European Space Agency 
ESRL Earth System Research Laboratory 
f Coriolis parameter 
fCO2 Fugacity of CO2 
FCO2 CO2 Flux through the sea-air interface 
fCO2
atm Atmospheric CO2 fugacity 
fCO2
rec SOCATs recommended fCO2 
fCO2
sw Seawater CO2 fugacity !"#! !!"#$!"#  Fugacity of CO2 at temperature of equilibration !"#! !!"!"# Temperature corrected fCO2 
fCO2
mean Annual mean seawater fCO2 
GHG Greenhouse gas 
GLOBEC Global Ocean Ecosystem Dynamics 
GSM Garver-Siegel-Maritorena merging technique 
H2CO3 Carbonic acid !"#!! Bicarbonate !! ! Free hydrogen ion concentration 
HF Hydrogen fluoride !"#!! Bisulfate ions 
IC Iberian current 
ICES International Council for Exploration of the Sea 
IGY International Geophysical Year 
IOCCP International Ocean Carbon Coordination Project 
IPC Iberian Poleward Current 
IPCC Intergovernmental Panel on Climate Change 
IPO Interdecadal Pacific Oscillation 
Iw Upwelling index 
Iw
’ Average upwelling index of the previous fortnight 
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JGOFS Joint Global Ocean Flux Study 
k CO2 gas transfer coefficient/velocity 
LDEO Lamont-Doherty Earth Observatory 
MBARI Monterey Bay Aquarium Research Institute 
MBTS Monterey Bay Time Series 
MEI Multivariate ENSO Index 
MERIS Medium Resolution Imaging Spectrometer Instrument 
MODIS Moderate Resolution Imaging Spectrometer 
N2O Nitrous oxide 
NAO North Atlantic Oscillation 
NCAR National Center for Atmospheric Research 
NCDC National Climatic Data Center 
NCEP National Centers for Environmental Prediction 
NEP Net Ecosystem Production !"!! Nitrate !"!!"# Preformed nitrate 
NO3
50m Nitrate at 50 m 
NOAA National Oceanic and Atmospheric Administration 
NODC National Oceanographic Data Center 
non-TfCO2 Seawater fCO2
 normalized to SSTmean 
NPGO North Pacific Gyre Oscillation 
O3 Ozone 
OCL Ocean Climate Laboratory 
OMZ Oxygen minimum zones 
P Total pressure of equilibration 
ρair Air density. Its value is 1.22 kg m-3 at 15ºC. 
Patm Atmospheric pressure 
PAR Photosynthetic Active Radiation 
PDO Pacific Decadal Oscillation 
PC Portugal Current 
PCC Portugal Coastal Current 
PCCC Portugal Coastal Counter Current 
pCO2 Partial pressure of CO2 
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∆pCO2 pCO2 disequilibrium between the ocean and the atmosphere 
pCO2
atm Atmospheric CO2 partial pressure 
pCO2
pre pCO2 content of a water mass at time of formation 
pCO2
sw Seawater CO2 partial pressure !"#! !!"#$!"#  pCO2 at temperature of equilibration, corrected for air humidity 
inside the equilibrator !!"#$ Pressure inside the equilibrator 
PgC Petagrams of carbon. 1Pg C = 1015 grams of carbon = 1 gigatonne of 
carbon !"!! Water vapor partial pressure 
pHF Free pH scale 
pHNBS NBS pH scale 
pHSWS Seawater pH scale 
pHT Total hydrogen ion pH scale 
ppm Parts per million 
ρsw Seawater density, with a value of ~1025 kg m-3 
QuikSCAT Quick Scatterometer 
REMODA Reactivity of Dissolved Organic Matter in the upwelling system of the 
Ría de Vigo. 
REMSS Remote Sensing Systems 
S CO2 solubility in seawater 
SeaWiFS Sea-viewing Wide Field-of-view Sensor 
SECRET Studies of Ecological and Chemical Responses to Environmental 
Trends 
SF6 Sulfur hexafluoride 
skt Skin temperature 
slp Sea level pressure 
SOCAT Surface Ocean CO2 Atlas 
SOOP The NOAA Ship-of-Opportunity Program 
SOP Standard Operation Procedures 
SSM/I Special Sensing Microwave/Imager 
SSS Sea surface salinity 
SST Sea surface temperature 
SSTmeean Annual mean SST 
TAlk Total Alkalinity 
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TAlk50m Alkalinity at 50 m 
TAlkpre  Preformed total alkalinity values 
TCO2 Total dissolved inorganic carbon 
TCO2
pre Preformed TCO2 !!"#$ Temperature inside the equilibrator 
TfCO2 Effect of SST distribution on the fCO2mean 
Tis In situ SST readings 
Tmean Annual average of SST 
TRMM-TMI Tropical Rainfall Measuring Mission Microwave Imager 
U10 Wind estimated at 10 m above sea level 
VAM Variational Analysis Method 
VGPM Vertically Generalized Production Model 
VOS Volunteer Observing Ship Program 
Vy  Wind speed component parallel to the coast, that is, the meridional 
component of wind speed due to coast orientation 
WIBP Western Iberian Buoyant Plume 
WMO World Meteorological Organization 
WOA World Ocean Atlas 
WOCE World Ocean Circulation Experiment 
WS Wind speed 
xCO2 Mole fraction of CO2 in dry air. 
xCO2
atm Atmospheric CO2 molar fraction !"#! !!"#$!"#  Dry mole fraction of CO2 measured inside the equilibrator 
xCO2
sw Seawater CO2 molar fraction 
ZOTRACOS Community Structure, Trophic Functioning, and Biogeochemical 
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Annex D. List Of Figures 
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respectively. The black line shows atmospheric CO2 concentration in parts per 
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Figure 1.3. Schematic of the global carbon cycle. Numbers represent “carbon 
stocks” in PgC (1 PgC = 1015 gC) and annual carbon exchange fluxes (in PgC yr-1). 
Black numbers and arrows indicate carbon stocks and exchange fluxes 
estimated for the time before the Industrial Era (~1750). Red arrows and 
numbers indicate annual “anthropogenic” fluxes averaged over the 2000-
2009 period. These fluxes are a perturbation of the carbon cycle during the 
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Figure 1.4. Climatological mean annual sea-air CO2 flux (gC m
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Figure 1.6. Main circulation features of the NW Iberian Peninsula. The 200, 500, 
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possible branches that are shown as a dotted arrow; the Portugal current (PC) 
appears on the far left (red arrow); the Portugal Coastal Current (PCC) appears on 
the 10ºW-11ºW meridian; the Western Iberian Buoyant plume (WIBO, due to 
river discharge), is shown as a shaded region close to the shelf; the subsurface 
front defined by Fraga (1987) (splitting the region in two domains :the 
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ENACWsp and the ENACWst) is shown as a shaded region almost perpendicular 
to the shelf line. Some anticyclonic gyres are shown in the Cantabrian Sea, 
symbolizing the SWOODIES that shed from the IPC in that region. Source 
Varela et al. (2005). .......................................................................................................... 28!
Figure 1.7. Map of the NW Iberian Peninsula and adjacent coastal zone, consisting 
of an open shelf and a system of large embayments freely connected with the 
shelf, known as Rías. The Rías of Vigo, Pontevedra, Arousa, Muros and Noia, and 
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Corme and Lage are known as the “Rías Medias”. The Rías of Coruña, Ares, 
Betanzos, Ferrol, Cedeira, Ortigueira, Barquero, and Viveiro form the “Rías 
Altas”. ................................................................................................................................ 30!
Figure 1.8. Map of the California Current System. Major regions (Northern, Central, 
and Southern), currents (California Current (1), California Undercurrent 
(subsurface; 2), Davidson Current (surface; 2), Coastal Jet (3), North Pacific 
Current (4), and Southern California Eddy (5)) and geographic features (several 
rivers, US states, capes, and rivers) are shown. The California Current derives 
from both the North Pacific Current to the north, and the coastal jet to the east. 
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Figure 2.1. Increase in number of pCO2
sw observations in the LDEO database 
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Figure 2.2. Global distribution of surface water fCO2 values in SOCAT version 2. 
Source: http://ferret.pmel.noaa.gov/SOCAT2_Cruise_Viewer ............................. 47!
Figure 2.3. MBARI coastal cruises along the western coast of the Americas. 
Monterey Bay is shown in the inset map, with the location of C1, M1, and M2 
moorings that belong to the Monterey Bay Time Series. .......................................... 50!
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Figure 2.6. Relationships between atmospheric CO2 buildup and coral calcification 
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Upwelling index (Iw in m
3 km-1 s-1), the middle panel shows the annual average of 
the Net Ecosystem Production (NEP, mgC m-2 d-1) by region, and the lower panel 
shows the spatial and temporal distribution of the Net Ecosystem Production 
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